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SPACE SHUTHE SOLID ROCKET BOOSTER 
COST-PER-FLIGHT ANALYSIS TECHNIQUE 

I. INTRODUCTION 


The hardware design, operational planning and budgeting of a 
space transportation system to minimize recurring cost presents a formid- 
able challenge. Figure 1 depicts the Solid Rocket Booster (SRB), the 
most expensive recurring cost element of the Space Shuttle. Cost must 
be considered as a hardware design and operational planning parameter 
having equal status with performance and schedule. A Cost-Per-Flight 
(CPF) computer model (Fig. 2) developed for the SRB project is described 
which allows the interaction of performance, operational planning ground- 
rules, and cost to be assessed. On a regular basis the model is used to 
provide status estimates of CPF and real-year cost to operate the SRB 
project. Cost impact assessments are performed for proposed changes in 
Space Shuttle program and SRB project g^oundrules. Through sensitivity 
and trade studies, opportunities for cost-effective program decisions have 
been found. The overall CPF model consists of a series of computer pro- 
grams which perform hardware logistics simulation, CPF analysis and 
real-year cost analysis (Sec Tables 1 through 5). The development and 
use of the computer programs is described. A general description of 
the SRB is given in Reference 1. 


A. Logistics Simulation 

The reuseability feature of the SRB design has several implications 
for the planning and scheduling of those resuses. Individual components 
can be used different numbers of times. It takes different amounts of 
time to refurbish and make ready for the next flight various components. 
In addition, attrition (defined as the probability that a piece of hardware 
will be lost or irrepairably damaged during a reuse cycle) can occur 
during transportation , launch operations , flight . recovery or refurbish- 
ment. Under these circumstances, reuse planning can be performed on 
either a deterministic or a probabilistic basis. A deterministic approach 
implies selection of the reuse cycle on which each component is assumed 
to be lost. A probabilistic approach implies allowing the losses to occur 
randomly among the reuse cycles, i.e., on each use cycle a chance is 
taken of losing the component. Although some deterministic planning is 
done, the fact that attrition is expected to be random leads to a prob- 
abilistic approach being more realistic. 


SOLID ROCKET MOTOR/BOOSTER 



Figure 1. Solid Rocket Booster for Space Shuttle. 





3 




TABLE 1. SRB CPF MODEL COMPUTER PROGRAMS 


ATTRITION PROGRAM (SPLASH) 

Treats meteorological factors and strength of each 
SRB element probabilistically to determine loss/ 
damage (attrition). 

LOGISTICS SIMULATION PROGRAM (BOSIM) 

Simulates hardware life cycle, i.e., procurement, 
assembly, launch, recovery, disassembly, refurbish- 
ment and subsequent reuse until loss or wearout. 

Each unit of each subsystem is serialized and tracked 
throughout its life. 

Currently 53 subsystems identified. 

CPF PROGRAM (CPF) 

Theoretical First Unit (TFU) cost and learning curve 
costing method. 

TFU's dated and inflated /deflated as required. 

ANNUAL COST PROGRAM (ACP) 

Hardware delivery schedules considered. 

WBS costing format (104 blocks costed). 

COD /incurred cost option. 
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TABLE 2. ATTRITION MODEL (SPLASH) 


The SRB attrition model is a Monte Carlo analysis which 
treats the meteorological factors (wind, sea, etc.) and the 
strength of each SRB element probabilistically. 

Used to determine the probabilistic loss /damage (attrition) 

'f the SRB elements and conduct tradeoffs of design 
pp roaches and changes. 

Key Features: 

Each critical load condition is programmed as a table 
of loads input as a function of vertical velocity (V ), 
horizontal velocity (V„) and water impact angle ^ 
( 0 ). “ 

Present the entire curve instead of the sum of 
failures (the value of the probability) at a certain 
strength level. 

Can present design limit loads (predicted actual 
load with no factor of safety) or it can divide the 
load by a strength ratio probability distribution. 

Effect of high altitude wind gusts, low altitude wind 
gusts, wind shear, parachute release dynamics, and 
wave slope arc all included. 

Wave slope is filtered to remove the effect of all 
waves with wave lengths smaller than the effective 
length unique for each type of loading. 


5 



TABLE 3. LOGISTICS MODEL (BOSIM) 




SRB logistics model is a simulation model of the hardware 
life cycle, i.e. , procurement, assembly, launch, recovery, 
disassembly, refurbishment and subsequent reuse until 
loss or wearout. 

Used to define hardware quantities. 

Key Model Features; 

D ial launch sites. 

Hardware shared (if applicable) between launch sites. 

53 subsystems simulated. 

Each unit of each subsystem is serialized and tracked. 

Sinking test and damage test (treated probabilistically). 

Learning curve for attrition distribution. 

Total turnaround time divided into seven blocks. 

Learning curves considered for refurbishment, 
assembly, VAB operations and disassembly time. 

-•h site learning curves vary. 

Old /New use philosophy option. 

Limit facility capacity option. 

.j 
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TABLE 4. COST-PER-FLIGHT PROGRAM 


CPF program determines the average recurring cost per 
flight to operate the SPB during DDT&E and operational 
phase of Shuttle Program. 

Program Features: 

CPF elements: 

New hardware 

Spares 

Assembly 

Refurbishment 

Sustaining engineering 

Transportation 

Other BaC functions 

DDT&E and operational flights cost split. 

TFU and learning curve costing method. 

Spares bought at average unit cost for operational 
flights new hardware. 

TFU's dated and inflated /deflated as appropriate. 
Costs in constant year /quarter dollars. 

CPF per subsystem computed. 

Total hardware cost prr subsystem computed. 
Average unit cost per subsyste; i computed. 






TABLE 5. ANNUAL COST PROGRAM 


SRB annual cost program determines the real year cost to 
perform the DDT&E and operational flights for total SRB 
project. 

Program Features: 

Hardware delivery schedules for $3 subsystems input. 

Costing methods 

TFU + learning curve 
Constant cost /quarter 
Constant cost /flight 
Inflation (for any of above) 

Input cost data in any year /quarter dollar. 

COD or incurred cost option. 

WBS structure for costing. 

Vertical /horizontal WBS summations optional. 

DDT&E /operational real year cost split. 

Minimum required, minimum level, early manufacturing 
hardware delivery options. 

Total new + spares + refurbishment cost available 
per subsystem. 

No-inflation option available for comparison with CPF 
program totals. 




Logistics computer models have been developed which simulate the 
subsystem hardware life cycle, i.e., procurement, assembly, launch, 
recovery, disassembly, refurbishment and subsequent i*euse until loss or 
wearout. The principal hardware characteristics affecting the quantity 
of new units required and their delivery schedule are the attrition rate, 
turnaround time, and design useful life [2]. Currently there are 23 SRB 
reusable subsystems with unique values for these characteristics. 
Together with 11 subsystems expended on each flight, a total of 34 sub- 
systems are considered in the hardware logistics flow. By repeated 
computer simulations of performing the total traffic model, with each 
simulation having a unique pattern of random hardware loss and wearout, 
estimates can be made of the average number of new units required to 
sustain the traffic model. In addition, delivery schedules for the units 
are obtained. 


B. Cost-Per-Flight 

The hardware quantity results from the logistics simulation together 
with such non-hardware costs as transportation, assembly, sustaining 
engineering, etc. , form the basis for a total operational flights cost 
analysis. Th''. theoretical first unit (TFU) cost and learning curve 
method is used to cost the new hardware procurement and the refurbish- 
ment operations. Other cost analysis techniques such as cost /year or 
cost /service operation are used to cost the remaining Shuttle program 
elements which are considered chargeable to SRB operations cost. 

Dividing the total operations cost in constant year dollars by the appro- 
priate number of flights determines the average recurring SRB CPF 
which can be compared to the Agency commitment to Congress. 


C. Real Year Cost 

To evaluate the r al year cost to operate the SRB project, it is 
necessary to determine schedules over the 12-year traffic model for manu- 
facture of new hardware, refurbishment of the used hardware, and for 
performance of service type operations not directly related to hardware 
procurement. Anticipated inflation from current dollars to real year 
dollars is an important element in each real year total dollar requirement. 
Since cost estimates in the total project data base are obtained in a 
variety of base year dollars, it is necessary to escalate each subsystem 
or service cost estimate to the appropriate time of procurement or use. 

For almost all new hardware procurement , it will be necessary to provide 
some progress payments to the contractor prior to actual hardware 
delivery. Therefore, a portion of each real year dollar total goes for 
partial payment of hardware deliverable at a later date. 
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D. CPF Model Utilization 


The CPF model is used to prepare operations flights cost estimates 
to support budget estimates and Program Operating Plan (POP) exercises. 
Sensitivity studies are performed to determine the CPF impact of changing 
major Space Shuttle pi-ogram parameters. Typical of the many trade 
studies performed include: (1) impact of TFU and learning curve on 

total program cost. (2) impact of hardware use philosophy on minimizing 
leftover hardware (oldest or newest unit in inventory for the next use), 

(3) cost effective design changes [spending money in Design. Develop- 
ment. Test, and Engineering (DDT&E) to save more in Operations]. 

(4) effect of refurbishment facility capacity on new hardware require- 
ments, (5) impact of DDT&E hardware loss on operational flights hardware 
requirements, and (6) variation in total program cost and CPF with 
traffic model. 


L CPF Model Validation 

The logistics simidation model and the production planning and cost 
analysis computer programs have been through several revisions, but 
have been basically operational for approximately 3 years. Originally, 
the entire analysis was performed by hand, and hand checks are fre- 
quently made. The programs do not make any decisions which cannot be 
readily verified by hand. The volume of data involved and the need for 
quick response analysis precludes complete hand calculations. The pro- 
grams are prediction tools and are based on data and assumptions which 
are being continually updated as the Shuttle program becomes more 
defined. 

The logistics model developed to simulate the flow of SRB hardware 
is a complex representation of the system of hardware procurement , 
assembly, launch, recovery, disassembly, refurbishment and reuse. An 
important aspect of developing a simulation model is its validation. The 
primary purpose of validation is to ensure that the simulator is a correct 
representation of the system and that recommendations based on simulator 
results are reliable and accurate. Typical activities in the validation of 
the SRB hardware flow simulation model have included the following: 

1) Determine minimum computer running time as a function of 
confidence interval on the variable being estimated. 

2) Construct test cases with boundary conditions which should 
produce known results. 

3) Determine "internal validity;” i.e., if simulation has a low 
variance of outputs when replicated with all exogenous inputs held 
constant. 
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4) Assess credibility of the model by asking pec^le who know the 
real system to judge whether the model is reasonable. 

The construction of test cases and application of reasonable tests 
has taken place incessantly. In limiting* conditions tests , BOSIM agrees 
with results known to be accurate virtually by inspection. For example, 
in terms of new hardware quantities to run the mission model, if one inputs 
1-day turnaround time, zero attrition rale and 1000 useful life, BOSIM says 
two motor cases can run the mission mofi>l. For 100 percent attrition input, 
the model says 974 new units are requi? jd to perform 487 operational flights. 
For 12-year turnaround time, the mod'*.' says 974 are required. For a value 
of one for useful life, it says 974 .tre r^Kiuired. For zero attrition input, the 
output says no units are lost. Af, the attrition rate increases, more units 
are lost and thus more new units are required. As the useful life increases, 
less new hardware is required. As the turnaround time increases, more new 
hardware is required. All of thif is either right or reasonable. 

As an additional check for zero ; ttrition the output is deterministic; 
i.e., nothing is lost before wearout »c serial numbered units can be 
assigned to each of the 487 fligiits wit* the appropriate turnaround times 
and useful lives known. This Wi,s done laboriously by hand and matched 
the BOSIM output exactly. In verifying the cost calculations, we take 
advantage of the fact that the CPF program and the ACP program were 
developed independently by different people from two organizations and 
run on different computers. There was enough similarity between the 
two programs so that with a small amount of extra work the programs 
could be made to perfoim the same ijalculation of total program cost in 
1975 dollars. For each budget exei ;ise we insist that the results match 
before our submittal. 


II. L0GISTIC5SIMUUTI0N 


Scheduling new SRB hardware requirements and the blending of 
refurbished units with new units to meet the traffic model would be a 
much less complex task were it not for the expected attrition of h^dware 
during use. The probability of recovery of the spent SRB stage is 
estimated to be as low as 0.5 for the first Shuttle flight. This prob- 
ability is expected to increase rapidly. However, over the 12-year life 
of the 500 flight traffic model, the structural loads associated with water 
impact are estimated to cause irrepairable damage ar average of from 3 
to 25 percent of the time, depending on the particuUir subsystem 
component. The attrition is expected to be rant .m and a new unit is as 
likely to be lost as an almost wornout unit. ' .lese factors present diffi- 
culties when trying to determine how many lew units are required to 
perform the traffic model and scheduUng leir deUvery to sustain the 
launch rate. The key parameters invo’ sd in reuse planning will be 
described together with the simulatio: comjjuter model (BOSIM) developed 
to perform the logistics analysis. * „ures 3 and 4 pnsent top level 
schematics of SRB hardware flow. 




^gure 



glM CONTRACTOR 
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Figure 4# SRB herd were flow • 















A. Traffic Model 


The traffic model for the space transportation system is defined by 
NASA Headquarters and is the starting point for a budget estimate and 
cost -per- flight analysis. Figure 5 is a typical traffic model. The number 
of launches per fiscal year at the Eastern Test Range (ETR) and Western 
Test Range (WTR) is shown. Early in the traffic model and particularly 
for the &st six flights, specific launch dates are known (Table 6). The 
first six flights are referred to as the DDT&E flights and the balance are 
called operations flights. The logistics simulation model works in days 
as the basic time unit. In years where only the total number of launches 
is known at present, launch dates are assigned by equally spacing the 
launches throughout the year. The computer program which determines 
launch dates is called MCONVZ and is described in Appendix A. After 
launch dates are selected, they are treated as fixed as far as the logistics 
simulation is concerned. New hardware requirements to meet fixed launch 
dates are desired. It is possible to assume that occasionally a launch 
would be delayed to utilize a piece of used hardware which is nearing the 
end of its refurbishment cycle. Doing this could delay the cost of a new 
piece of hardware if no other used piece is in inventory and immediately 
available. However, the tradeoffs involved in tliis type of decision have 
not been considered; hence, the controlling assumption’ is that SRB 
hardware (either new or used) is always available to make a launch on 
time. 


B. Turnaround Time 

Turnaround time is defined as the time for a reusable piece of 
hardware to complete a total reuse cycle. A reuse cycle is broken down 
into the phases of: launch, retrieval, disassembly, refurbishment, 

transportation, assembly, stacking, and launch preparation. The time 
to perform some of these operations is constant; while tor others, they are 
expected to be able to be accomplished in progressively shorter times as 
experience is gained. A TFU time and learning curve concept is used to 
predict times to perform the vario’ s tasks as the traffic model is flown. 
Table 7 shows typical times for he aft skirt to proceed through a reuse 
cycle. After refurbishment a . jmp^ ■‘nt may be idle for an unspecified 
length of time until it is selected for ..n upcoming flight. At that point, 
it would begin moving through the insulation, assembly, checkout, etc., 
flow. 


C. Hardwart Useful Life 

Most SRB subsystem components are designed for reuse. The 
design number of reuses is shown in Table 8. During actual Shuttle 
operational flights, some hardware will be lost due to attrition before 
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TABLE 6. STS TRAFFIC MODEL (487) 

78-2 Option (5/24/78), Mission Model 601 POP 78-2, 
Launch Dates for Flights 1-32 


Flight No. 

Lair'ch Date (CY) 

Flight No. 

Launch Date (CY) 

1 

08/31/79 

17 

10/15/81 

2 

12/31/79 

18 

11/15/81 

3 

03/31/80 

19 

01/10/82 

4 

06/01/80 

20 

01/20/82 

5 

08/01/80 

21 

03/10/82 

6 

09/30/80 

22 

03/20/82 

7 

12/31/80 

23 

04/15/82 

8 

01/15/81 

24 

05/10/82 

9 

02/15/81 

25 

05/20/82 

10 

04/15/81 

26 

06/15/82 

11 

05/15/81 

27 

07/10/82 

12 

06/15/81 

28 

07/20/82 

13 

07/15/81 

29 

08/15/82 

14 

08/15/81 

30 

09/10/82 

15 

09/10/81 

31 

09/20/82 

16 

09/20/81 

32 

10/15/82 










TABLE 7. AFT SKIRT DDT&E AND INCREMENT II TURNAROUND TIMES IN DAYS 
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TABI£ 8. SRB USEFUL LIFE 


Subsystem 

Useful Life 

Component 

Design 

Average 

SRM 



Aft Cylinder 

20 

10 

Fwd Cylinder 

20 

8 

Aft Stiff Tees 

40 

8 

Other Segments 



Cylinder 

20 

12 

Fwd Closure 

20 

12 

Attach (ET) 

20 

11 

Aft Closure 

20 

9 

Joint Hdwe, Pins 

20 

14 

Nozzle 



Snubber 

20 

4 

Elastomer 

10 

1 

Bearing Shims 

20 

11 

Aft End Ring 

20 

5 

Fwd End Ring 

20 

7 

Compliance Ring 

20 

5 

Other Parts 

20 

7 

Igniter 

20 

13 

Propellant 

1 

1 

Insulation and Liner 

1 

1 

E&l 



E&I (DFI) 

1 

1 

E&I (OFI) 



Fwd Skirt Components 

20 

14 

lEA's 

20 

14 

Recovery Battery 

1 

1 

Altitude Switch 

20 

11 

Frustum Loc. Aid (FLA) 

20 

5 

FLA Battery 

1 

1 

Reusable Fwd. Cables 

20 

14 

Reusable Aft Cables 

20 

13 

Expendable Cables 

1 

1 

Sensors 

20 

13 

TVC 



Actuator 

20 

6 

Power Supply 

20 

6 
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TABLE 8. (Concluded) 


Subsystem 

Useful life 

Component 

Design 

Average 

Structures 



Nose Ci^ 

1 

1 

Nose Frustum 


10 

Separation Ring 

1 

1 

Fwd Skirt 

40 

15 

Systems Tunnel 
Fwd 

40 

17 

Aft 

40 

14 

ET Attach Ring 

40 

17 

SRB/ET Attach Struts 
Reusable 

40 

19 

Expendable 

1 

1 

Aft Skirt 

40 

5 

Thermal Shield 

1 

1 

Recovery 



Pilot Chute 

1 

1 

Drogfue Chute 

10 

7 

Main Chute 

10 

7 

Main Chute Support Structure 

40 

10 

Satellite Floats (Pinger for 
Early Flights) 

20 

12 

Separation Motors 

1 

1 

Pyrotechnics 

1 

1 

Range Safety 



Electronic Equipment 

20 

14 

Battery 

1 

1 


reaching its design useful life. In addition, irregularities in the traffic 
model and refurbishment cycle preclude perfect scheduling of component 
reuse. Thus, at the end of the traffic model there will be left-over 
hardware. All these inefficiencies contribute to hardware being used 
less than its design number of uses. In Table 8 the column "Average" 
gives the actual number of uses, on the average, achieved from each 
component. For purposes of the CPF model, the SRB is broken down 
into the components shown in Table 8. 
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D. Attrition 

Attrition of SRB subsystems is generally considered to be broken 
down into two categories: (1) general attrition, which is attrition from 

causes independent of SRB design characteristics, and (2) design attri- 
tion, which is attrition that is a function of design characteristics, such 
as strength. Examples of the first category are losses from accidents 
during transportation, launch operations, and retrieval. Examples of the 
latter category are losses due to excessive parachute deployment loads 
and excessive water impact loads. Losses during initial manufacturing 
\re not included in attrition as these costs are assumed in new hardware 
costs. The sum of the general and design attrition is defined as average 
total program attrition for the duration of the mission model. Typical 
attrition values are presented in Table 9. 

The probability of losing a piece of hardware is lil-ely to decrease 
as experii ace is gained during the mission model. There are undoubtedly 
unidentified sources of attrition, errors in predic; "sn of water impact 
load ; or conditions, and errors in prediction of capability that could 
increase the attrition rates. As these are discovered, options are avail- 
able to counteract these increased attrition soui’ces. Changes in design 
of the parachute subsystem will reduce the water impact velocity, changes 
'n design of the structure will increase capability, and changes in opera- 
tional procedures will reduce the attrition during recovery. Attrition 
will then tend to start out higher than predicted and improve as design 
changes are implemented, following a step improvement or a learning 
curve improvement during the program. 


E. Spares 

Spares in the classic DOD sense of replacements tor any failed 
component is not considered in the logistics simulation. We adopt the 
philosophy that, due to tho probabilistic nature of determining new 
hardware quantities, additional new units above the mean value sh ctld 
be purchased to increase confidence that enough new hardware is avail- 
able to make all launches on time. Spares in this sense are defined as 
the additiona' hardware required for a 95 percent probability of meeting 
the traffic model. Any hardware required to replace piece part random 
failures not related to attrition -producing mission loads are called 
"logistics spares" and are costed as additional hardware in the CPF 
model. Numerous simulations suggest that four units extra (above the 
mean new units required) will, on the average, give a 95 percent confi- 
dence of having enough hardware to meet all launches on time. The 
question of when the hardware is delivered also bears on the issue of 
confidence in meeting launches and will be discussed later. 



TABLE 9. SRB ATTRITION RATES (ETR) 


Subsystem 

Attrition Percentage 

Component 

Design 

General 

Total 

SRB 




Aft Cylinder 

2.60 

3.70 

6.20 

Fwd Cylinder 

4.90 

3.70 

8.42 

Aft Stiff Tees 

1.70 

3.70 

5.34 

Other Segments 




C. 'inder 

0.00 

3.70 

3.70 

Fwa Closure 

0.00 

3.70 

3.70 

Attach (ET) 

0.00 

3.70 

3.70 

Aft Closure 

1.32 

3.70 

4.97 

Joint Hardware, Pins 

0.00 

3.70 

3.70 

Nozzle 




Snubber 

19.70 

3.70 

22.67 

Elastomer 

78.20 

3.70 

79.01 

Bearing Shims 

0.15 

3.70 

3.84 

Aft End Ring 

12.40 

3.70 

15.64 

Fwd End Ring 

7.00 

3.70 

10.44 

Compliance Ring 

15.30 

3.70 

18.43 

Other Parts 

7.00 

3.70 

10.44 

Igniter 

0.00 

3.70 

3.70 

Propellant 

0.00 

100.16 

100.16 

Insulation and liner 

0.00 

100.16 

100.16 

E&I 




E&I (DFI) 

0.00 

0.00 

0.00 

£&I (OFI) 




Fwd Skirt Components 

o.OO 

3.59 

3.59 

lEA’s 

0.00 

3.59 

3.59 

Recovery Battery 

0.00 

100.15 

100. 15 

Altitude Switch 

0.60 

4.92 

5.49 

Frustum Loc. Aid (FLA) 

14.43 

4.92 

18.64 

FLA Battery 

0.00 

100.15 

100.15 

Reusable Fwd. Cables 

0.20 

3.59 

3.78 

Reusable Aft Cables 

0.60 

3.59 

4.17 

Expendable Cables 

0.00 

100.15 

100.15 

Sensors 

0.60 

3.59 

3 78 

TVC 




Actuator 

11.70 

3.59 

14.87 

Power Supply 

9.11 

3.59 

12.37 
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TABL£ 9. (Concluded) 


I 

I 



Subsystem 

Attrition Percentage 


Cc^iponent 

Design 

General 

Total 

Structures 




Nose Cap 

0.00 

100. 15 

100.15 

Nose Frustum 

0.50 

4.92 

5.40 

Separation Ring 

0.00 

100. 15 

100. 15 

Fwd Skirt 

0.10 

3.59 

3.69 

Systems Tunnel 
Fwd 

0.60 

3.59 

4.20 

Aft 

1.80 

3.59 

5.30 

ET Attach Ring 

0.00 

3.59 

3.59 

SRB/ET Attach Struts 
Reusable 

0.00 

3.59 

3.59 

Expendable 

0.00 

100. 15 

IOC. 15 

Aft Skirt 

15.54 

3.59 

18.57 

Thermal Shield 

0.00 

100. 15 

100.15 

Recovery 




Pilot Chute 

100.00 

0.68 

100.68 

Drogue Chute 

4.02 

4.21 

8.06 

Main Chute 

6.67 

1.38 

7.96 

Main Chute Support Struct. 

0.50 

4.92 

5.40 

Satellite Floats (Finger for 
Early Flights) 

0.00 

4.92 

4.92 

Separation Motors 

0.00 

100.15 

100.15 

Pyrotechnics 

0.00 

100. 15 

100.15 

Range Safety 




Electronic Equipment 

0.00 

3.59 

3.59 

Battery 

0.00 

100.15 

100.15 


F. Hardware Use Philosophy 


When selecting hardware to build up the assemblies for the next 
flight during operational flights, new units, refurbished units with few 
uses, or refurbished units with many accumulated uses may be available 
for use. For the purposes of this discussion, "use philosophy" means 
the methods used to determine when new hardware copies are introduced, 
where new copies arc introduced [Eastern Test Range (ETR) or Western 
Tesi Range (WTR)l, and which of several available new or refurbished 
copies will be employed on cacli Shuttle launch. Some examples of 
possible use philosophies aro as f<;llows: 
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1) Use a refurbished unit if available and a new unit only if no 
refurbished units are available. 

2) When the choice is among several refurbished units, select the 
one with the most accumulated uses. 

3) When several refurbished units are available, select the one 
with fewest uses. 

4) Select a new unit if available, even if refurbished units are 
available. 

An id-.al use policy would have the following features: (1) the 

total dollars spent for hardware acquisition, storag^e, refurbishment, and 
use would be minimized; (2) the risk of having an inadequate or 
excessive inventory at any time would be low; and (3) the dollars spent 
in the "early years" would be near minimum. No precise definition of 
"early years" has been made. Unfortunately, a policy which satisfies 
one of these objectives usually aggravates the problem of satisfying 
another. For example, the best way to minimize total dollars spent 
(ignoring inflation) is to buy just enough hardware to meet launch 
requirements, buy it early enough, switch to a "newest first" policy 
early enough so that wearouts and leftover uses are minimized, and buy 
it late enough to minimize the impact of storage costs. Such a policy 
(if it can be implemented) will probably not minimize "early year" funding. 
The relative values of the three objectives are difficult to assess. 

/ 

Some simulations of the operational cycles of the reusable SRB 
subsysxc.ns have shown that the quantities of hardware required can be 
significantly affected by the use philosophy. The original work [41 was 
limited to one SRB subsystem, the Solid Rocket Motor Middle Segments 
or "Other Segmei.ts." The Middle Segments subsystem was shared 
between the ETR and WTR; that is, a copy used at one site for one 
launch could, after rei'urbishment, be used at the other site on a subse- 
quent launch. With shai-od subsystems, there was no need to specify 
where new copies would be introduced; therefore, the problem of assign- 
ing new copies to a launch site was eliminated. It was found [4] that 
some plans for putting middle segments into use earlier than absolutely 
necessary could p»x)duce a more even distribution of uses on the copies, 
which prevented v/earouts and reduced the total copies required. One 
objective is to determine wh.at characteristics make possible reductions 
from the established quantities of now units. In the following para- 
griq)hs, some use philosophy terms are defined and the results of study 
to date are discussed. 

When SRB subsystem units have finished refurbishment and are 
available for reassembly into another SRB for another launch; they are 
said to be in an "available pool" until they arc physically committed to 
assembly. Until then, it is possible to substitute a different unit without 
perturbing the normal assembly and prelaunch sequence. Consequcntl 3 ^ 
a choice between units having different numbers of accumulated uses is 
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sometimes possible. If new units are delivered as late as possible, the 
content of the available pool is mininiized. Then little difference is 
evident between a policy of choosin^j the oldest available unit versus the 
policy of choosing the newest available unit. 

The situation changes when early delivery of units occurs. Early 
delivery means delivery earlier than the latest possible time to achieve 
on-time launches. With early delivery, the size of the available pool is 
large enough so that it is not frequently totally depleted. A policy of 
using the oldest available unit Ai’st causes some new units to sit idle 
while the first used units accumulate uses. If the mission model contains 
enough launches, the first used units tend to wear out at the earliest 
possible time. Early delivery hiis no effect on the total number of units 
required if a policy of using the oldest available unit first is employed. 

Early delivery with a policy of using the newest available unit first 
can sometimes reduce the total units required. It is not necessary to use 
the newest first policy through the entire mission model to obtain reduc- 
tions. What is necessary is that the newest first policy be adopted early 
enough to permit equalization of accumulated uses before wearouts occur. 

The longer the SRB subsystem's turnaround time, the earlier the 
policy of using the newest first must be adopted to achieve use equaliza- 
tion. This is true because more units are required in the use-refurb 
loop when the subsystem has a long turnaround time. More units in the 
loop means more launches must be processed to get a response to policy 
changes. It is relatively easy to get as close to full utilization as the 
mission model and attrition allow when the turnaround time is short. 

(Full utilization means uses obtained are equal to the designed maximiun 
for the subsystem.) 

The combination of early delivery of units and switching from using 
the oldest available first to the newest available first produces a situation 
where savings or disaster can occur. Savings in the quantity of hard- 
ware occurs if just enough hardware is bought to complete the mission 
model with all the leftover units being almost worn out. Disaster is 
possible if the wrong number is bought early causing many to wear out 
shortly before the mission model is completed. The replacement units 
then inflate the total new units required, and many almost new units are 
leftover. Most of the SRB subsystem units will be bought early simply 
because uniform production rates and few startups are required to get 
reasonable unit costs. 

Significant changfes in the quantities of the long turnaround sub- 
systems can be brought about by variations in delivery timing and 
available pool manipulation since these affect the degree of utilization 
(uses obtained compared to designed maximum) of the units. Before 
reasonable delivery schedules can be defined , constraints on manufactur- 
ing rates, startup times, .and budgets need further definition. Some 
kind of tradeoff will have to be m.ade between the desire to minimize 
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early year f nding and the desire to keep total program cost near 
minimum. The relative values of these goals must be established. More 
detailed discussion and example calculations of these concepts are con- 
tained in References 4 and 5. 


G. System Simulation 

A "bimulation” ^ model (called BOSIM for Booster Simulation) is used 
to determine the quantity of new components needed to perform the 
traffic rodcl. BOSIM also determines when those new components must 
be deli leered to make all launches on schedule. Figure 4 depicts the 
hardware flow simulated. Figure 6 simplifies the hardware flow and the 
highlighted blocks are analogous to the faciUtius and events modeled by 
BOSIM. G.>ing an additional step and intioducing some simulation 
language terminology. Figure 7 depicts the physical system of SRB use. 

A more detailed flow chart and program d?scription is presented in 
Appendix B. BOSIM is documented in Refeiences 6 through 9. 

To understand what BOSIM does, it is best to begin by considering 
how one might determine by hand the number of aft skills needed to 
perform the traffic model. Figure 8 presents an example. Across the 
top of the figure are the year, month, day of the month for each launch 
and launch n>’ml>, r. Down the left-hand column are the serialized new 
aft skirts. The two questions we now ask ourselves are (1) which aft 
skirts are assigned to which flights and (2) when must new aft skirts 
be introduced to sustain the launch rate. A new aft skirt is delivered 
to the launch site on the Latest date such that it can begin preassembly 
activities (|). Following that is assembly /stacking (V), then launch (▼), 
then completion of refurbishment (X), followed by storage (••*)♦ The 
first 6 flights (DDT&E) are covered by special groundrules. Two aft 
skirts are required for each flight. Aft skirts 1/2, 3/4, 5/6, 7/8, 9/10 
are assigned to Flights 1, 2, 3, 4 and 5. Flight 6 will use aft skirts 
3/4 from Flight 2. Flights 7 and subsequent present choices for aft 
skirt assignments. Let us adopt the hardware use philosophy that the 
oldest available aft skirts (lowest serial numbers) will be used first and 
new aft skirts (beyond the ten used on the first 6 flights) will not be 
introduced unless necessary to make a launch on time. For Flight 7 on 
May 30, 1980, we therefore select serial numbers 1 and 2. They begin 
assembly /stacking on April 23, 1980, For Flight 8 on July 1, 1980, 
numbers 1 and 2 arc in refurbishment and hence not available. Numbers 
3 and 4 are idle on the launch date, having come out of refurbishment 


1. Simulation is the process of designing a model of a real system and 
conducting exporlments ’«ith the model for the purpose of under- 
standing the behavior of the system and of evaluating various 
strategies for the operation of the system. 
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Figure 6. Top-level BOSIM flowchart. 




Figure 7. Physical system for SRB use. 




on June 6. However, they needed to have been available on May 24 
when assembly /stacking must begin for Flight 8. Hence, we assign 
numbers 5 and 6 to Flight 8. The pattern should now be clear. For 
each launch date, one simply backs up 37 days, looks at the status of 
all aft skirts as of that date, and selects the lowest serial numbered 
pair and assigns them to that launch date. 

There will come a time when, due to the launch frequency increas- 
ing, all 10 original aft skirts will be tied up in some point in their 
turnaround cycle. Such occurs on Flight 25, January 5, 1982. It is 
now necessary to introduce new aft skirts numbered 11 and 12 to sustain 
the launch rate. We have neglected attrition and the hardware planning 
can be called deterministic. 

We now consider the realistic case in which an aft skirt may be 
lost or irrepairably damaged during any use. Figure 9 depicts this 
situation. Figure 9 is constructed the same as Figure 8 except for one 
change. Immediately following each launch, a 12 percent chance was 
taken that each aft skirt was lost. If it was lost then it was removed 
from the system and is no longjer available for reuse. The first aft 
skirt to be lost was number 5 on Flight 8. Number 4 was lost on Flight 
11. A dramatic change in the number of new aft skirts needed is evident 
when attrition is considered. In Figure 8, ten aft skirts ran 24 flights 
while in Fig^ure 9 sixteen were required to run 24 flights. 

It is vei^r important to understand that the pattern of losses in 
Figure 9 is one of many possible loss patterns and each has different 
implications in terms of the number of new aft skirts needed to run the 
launch schedule and when those new aft skirts must be delivered to make 
launches on time. In simplest terms, BOSIM runs an experimental launch 
schedule and lets each aft skirt take a chance of being lost on each use. 
Each pattern of losses, as the launch schedule progresses, has its own 
unique consequences in terms of new aft skirt quantities required and 
associated delivery dates. By averaging the results of hundreds of 
simulations, the mean number of new aft skirts required is determined. 

This is called probabilistic hardware planning. Other SRB subsystems 
subject to attrition are treated similarly. 

Because of the relatively small number of simulations per sample 
with BOSIM, the question arises whether the change in sample mean from 
case to case is a result of random variations to be expected from a 
limited number of simulations per sample or is a result of a change in 
population mean due to an input data change. The possibility also exists 
that a change in input data will not affect the population mean. Analytical 
procedures have been developed to evaluate the significance of a change 
in sample mean to attribute that change to a variation in population mean 
or to a random variation due to small sample size [3]. 
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H. Simulation Results 


A feature BOSIM is that hardware compo.<onts are serialized and 
tracked thvjugh^ut their life cycle. Their location in the turnaround 
cycle is known, '.i'hus facility occupancy data are available. Averages 
of key BOSIM output parameters over many replications give logistics 
data such as: quantities and need dates of nc''’ ccunponents, refurbish- 

ment schedules, location and quantity of units at specific points, and 
projected schedules of hardware loss and wearcut. 

TIte Dstsic printout of BOSIM data is shown in Figure 10. The 
number of new, lost, wornout and leftover aft skirts is shown for ETR, 
i<TR. and the total of both. For this computer run, 25 cases or replica- 
tion!: were lised to define the population mean. The standard deviations 
•u'c also shown. The date format is such that the answer for FY 79/lst 
Quarter is shown in the upper left hand corner of the data group. One 
oi the key pieces of data is labeled "Highest cumulative total per quarter 
for 'ill replications." This means, for example, that as of FY 83/1 there 
r.-u. one replication out of the 25 that had required 23 new aft skirts and, 
further, no other replication had required more. Note that the mean 
requirement at this same time is 16.08. Refurbishment and disassembly 
queue output means the number of units waiting to be processed in the 
refurbishment and disassembly faciliucs. In this particular example the 
facilities were considered to have unlimited capacity, hence a queue of 
zero content develc^ed. The word "available" is synonymous with idle 
or in storage; i.e., this is the number of units which have been 
refurbished and are available for flight assignment. The last page of 
Figure 10 shows new aft skirts required on a per flight basis rather 
than a quarterly basis. This example shows that 10 new aft skirts are 
required on Flights 1 to 5. These 10 aft skirts perform the traffic 
model up to Flight 14 where one more is required. Again on Flights 22 
and 25, new aft skirts must bo introduced. Also shown are the new 
hardware requirements through certain flights in the total traffic model 
and the mr uses left on the hardware available at the end of the 
traffic r.;oael. 

A new aft skirt, and all subsystems to some extent, must go 
through a new hardware buildup activity between the time it first arrives 
on-dock at the launch site until it is ready to be included in the launch 
assembly flow the first time it is used. Figure 11 is an example of how 
the assignment of new aft skirts to particular flights is translated into 
delivery quarters; i.e., w' hen the new aft skirt is "required" to be on- 
dock at the launch site to begin processing to make its first launch use 
on time. 

BOSIM results for various mission models are presented in Refer- 
ences 10, 11, and 12. A study of range safety system hardware require- 
ments is presented in Reference 13. Refurbishment schedules have been 
an important BOSIM area of study. References 14, 15, and 16 present 
results for various components and groundrules. 
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Figure 10. (Continued) 



• f 




SSS ! 


* ««Clt c 


^•e •« 

• • • 

N 


«0 M 
** m 

j#eo 
IT oa 

• • • 

4 » •« 
• • • 

MAI 

I 

^ 

H ^ 9 


<Vf4 i 


o« o 
o« « 


»« «• ^ 


4 » V 

mo At 

O* A> 


- 

40 0 


t- 


I « - » I 

i 4A* o j 

t Mr» 4 ! 

• • • ,4 


A* Al 

t T 


M A* M t «■ 


OA* O 4 
04 44 


0Ali»0 . 0A«04 

O M A«« 


• • • • 


0 4 4 4 
0 4 40 
• • • • 
M At n 


044A* 

( OI4A*4 . 0M04 

I ••••« •••• 

M A# M , M 


oeo eoo 


eoe 
, ooo 

i • • • 


oeo 

ooo 


*eoo 
tO o o 


[oeo 

ooo 


ooo {oeo 


;o oo 
lO oo 


104 

\ • 


i 

i 


J 


k At « ift 




aooo .oooo oooo t 

oooo oooo oooo 

• ••• !•••• •••• 

! i . ^ 

0004 toeoo 0004 

oooo .oooo oooo I 

>•••• {•••• •••• i 

! i 


looo oooo oooo 

lOOO ococ oooo 

■ ••• •••* •••• 


oooo oooo oooo 

oooo 9000 >oooo 


A|»^ 4 


J - 

4|a*0 

4? At 4 
• • • 
Aa4 4 

♦ 

414 Al 
WAt M 

A^M A« 


4lO 4 4 
4>4 At« 

Ai-A. 4 


fA to 


OCJ 4 
At A» 


04 e 
0 4 4 


04 4 
« • * 

■■M At 


0 4 4 
• • • 

■ <S rt 


0 4 4 
• • • 

C\. At 


4 4 -A 4 


A»0 44^ 0 4 4 

«a 4 At At 0 4 4 

• • « « • • 


IV O A« 4 O O C 

4 0 4 4 a V 4 


Mma«a« MAIMai 4 


0 04 O 
O OO O 


OOOO 

o o o o 


0 0 4 0 

oooo 


14 4 0 4 4 


OMOAI OOinO 

• ••• •••• 

t •• Al Al tt •• A* 


& 4444 a 4 


404AI& 40004 

OOA>4Ai OOOAIM 

o»«»« o**«* 

Al A| A* 


(k n 4 Al 4 or 

4 Ct f*. A» lO ^ 

o • • • • u* 

o ►» At r- 


«oooo 40000 aoooci 

oooon ooooo 4ci'0<5< 

!*•••• 


1.) OS 


4 - • (t f' 

0 4 O « M 
^ o. «• ^ ^ • 


*9 s 

^ ..f M At . . r 4 

r - ® !•'> 


34 


f 

L 




Figure 10. (Continued) 
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Figure 10. (Continued) 
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Figure 10. (Concluded). 






































I. Sensitivity Studies 

The sensitivity of new hardware quantities to various design and 
logistics parameters is important to an understanding of the uncertainties 
in hardware procurement planning and budgeting. Four SRB subsystem 
components were selected for illustration. These components are repre- 
sentative of the major SRB subsystems and thus their sensitivities can be 
used to determine the sensitivity of other SRB subsystems. The subsys- 
tem components which were simulated are as follows: 

Major Subsystem S ubsystem Component Simulated 

Solid Rocket Motor Nozzle 

Electronics and Instrumentation Aft lEA 

Thrust Vector Control Actuator 

Structures Aft Skirt 

A baseline case was run for each of the four subsystem components. 
Input data for these cases are shown in Table 10. The logistics parame- 
ters which were chosen for perturbation are those which were initially 
thought to jhave the greatest effect on hardware quantity reqviirements. 

To ensure the validity of the results, several values of each parameter 
were selected above and below the baseline value. This procedure was 
used to minimize the chance of error caused by random variation of mean 
values. This technique was not used in testing the sensitivity to 
changes in refurbishment time because of the apparent insensitivity of 
this parameter. The cases of 0 percent total attrition were set up to 
have a 0 percent probability of sinking as well as a 0 percent probability 
of loss for all units. 

The learning curve percentages for the WTR were assumed to be 
a constant 4 percent above the corresponding ETR value. When ETR 
learning was 100 percent, WTR learning was also assumed to be 100 
percent. Each study was given a case number to aid identification. 

The various cases which were investigated in the course of this study 
are shown in Table 11. 

The results are presented in Tables 12 through 15. Inspection of 
the tabular results reveals that total attrition percentage is by far the 
most sensitive parameter tested in this study. Neither refurbishment 
time nor learning curve percentage have a significant effect on total 
hardware quantity requirements. 

In general, changes in any parameter which caused an increase in 
the number of new units required also caused a corresponding decrease 
in the number of units which were worn out. This phenomenon occurs 




39 



TABLE 10. BASELINE CASE INPUT DATA FOR SRB SENSITIVITY STUDY 



NOTE: All times are in calendar days. 









TABLE 11. SRB SENSITIVITY STUDY CASES 
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TABLE 12. NOZZLE STUDIES 
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in the refurbishment t'me and learning curve percentage studies because 
the increase in time rjquired for a given operation means that an 
increased number of units will be tied up in this operation at any one 
time. This decrease in availability causes an increase in the number of 
new units required to meet the mission model. Because the mission 
model remains unchanged, the average number of uses per unit decreases 
as the number of units increases and this means that fewer units will be 
used to their wear-out point. 

This same phenomenon occurs in the total attrition percentage 
studies, but for a different reason. As the attrition rate increases, the 
requirement for new units increases to facilitate replacement of the lost 
units. This increased attrition rate also means that fewer units will be 
used to their wear-out point. 

The standard deviation tends to increase as the hardware quantity 
increases for each of the parameters studied. For most cases, however, 
the standard deviation remains approximately the same percentage of the 
mean. Using the total attrition percentage of the nozzle as an example, 
the standard deviation of new units required varies from 4 percent to 
6.6 percent of the mean value. 

The data fo’- the refurbishment results are very sparse, and 
extrapolation of these data is ill advised. Additional studies are 
recommended if it becomes necessary to investigate significant changes 
in refurbishment time. The total attrition percentage data appears to be 
very consistent for all subsystem components. Refurbishment time and 
learning curve percent are relatively important in the determination of 
new hardware quantities at low attrition rates, but are rapidly over- 
shadowed as the attrition rate increases. Any new hardware quantity 
which is derived from this study should be tempered by the standard 
deviation associated with the quantity. The BOSIM-V-l computer program 
is a probabilistic simulation model of a "real world" system, and these 
variations of mean values are to be expected from such a system. More 
detailed sensitivity studies are presented in Reference 17. The effect of 
loss versus reuse of the DDT&E hardware is studied in Reference 18. 

A study of the sensitivity of SRM motor quantities to attrition is 
presented in Reference 19. 


J. Facility Capacity Studies 

Facility capacity refers to the maximum number of units which can 
be simultaneously serviced. The service may be disassembly, refurbish- 
ment, or other simulated facility in BOSIM. Briefly, the approach to the 
problem is as follows. First, the refurbishment facility occupancy versus 
time is determined with no limits placed on the number of units in 
refurbishment at the same time; i.e., unlimited capacity. Using the 
maximum occupancy level as a starting point, smaller capacity values are 
input in later simulation runs until the hardware quantities become large 
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relative to the unlimited capacity quantities. The lower refurb capacity 
prevents some units from being refurbished promptly after disassembly 
since they must wait until earlier arrivals leave the facility. This delay, 
in effect, lengthens the turnaround time for sc«ne units causing a need 
for more new units in the system to supply scheduled launches. 

Aft skirt refurbishment is taken as an example. The refurbishi. ..it 
facility usage levels were first determined with unlimited capacities to 
provide reference cases. The usage level was determined for each 
quarter from the beginning of FY79 through FY90. During each simu- 
lated quarter, the level of occupancy multiplied by the hours at that 
level was accumulated. When divided by the hours in a quarter, a time 
integrated average occupancy level results. The levels from 25 simula- 
tion repetitions using different random number strings to place losses 
are averaged to produce the results shown in Figures 12 through 16. 

The same method was used to produee osiarterly queue (waiting line) 
occupancy data. In addition, the maximum usage level during each 
quarter was kept in the computer memory. The miiximum of the 25 
simulation repetition maximums was printed and is plotted in some of the 
figures. This maximum usage level is an exact value under the current 
groundrules requiring on-time launches and not accounting for random 
variations in times between launch and arrival at the refurbishment 
facility. 



Figure 12 shows the aft skirt refurbishment facility usage levels 
when capacities at ETR and WTR are unlimited. The aft skirt subsystem 
is non-share<l and thc”e is one unit per SRB shipset. When the ETR 
capacity is four or more, the results will be the same as in Figure 13 
since the maxinium content is four. 


I 

I 
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Figure 13. Aft skirt (Run 4-229). 

When ETR capacity is reduced to three aft skirts, the large queue 
shown in Figure 13 occurs and the ETR new quantity goes up about 
27 percent. A capacity of two units at ETR (Fig. 14) produces a 
requirement for about 3.4 :imes as many units. A WTR capacity of two 
or more produces no waiting and results in a requirement for an average 
of 27 new aft skirts at WTR. The usage levels are shown in Figure 14. 
Figure 15 shows the WTR levels when the WTR capacity is one unit. The 
new aft skirts required are almost four times as much as when the WTR 
capacity is two units. 

Figure 16 shows the aft skirt unit levels when the refurbishment 
facility capacities are varied as shown by the dashed lines. The variable 
capacities were constructed by rounding up the average facility contents 
from Figure 12 to integer values. No significant increase occurs in the 
numbers of aft skirts required compared to the infinite refurbishment 
capacity case (Fig. 12). Table 16 summarizes the aft skirt resiilts. 
Further details of this example are detailed in Reference 20, and an 
additional hardware flow analysis is described in Refei*ence 21. 

A facet of refurbishment processing not accounted for is the 
existence of multiple, sequential work stations. The capacities used in 
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Aft skirt (Run 4-233). 


/ 

J 

f 



TABLE 16. 

AFT SKIRT SUMMARY 



Refurbishment Facility 
Capacity (Units) 

Total New Units 
Required 

Reference Figure 
Number 

Unlimited ETR 
(Same as 4) 

75.8 

3-19 

Varied up to 4 ETR 

75.9 

3-23 

3 ETR 

102.9 

3-20 

2 ETR 

261.5 

3-21 

Unlimited WTR 
(Same as 2) 

27.0 

3-19 

Varied up to 2 WTR 

27.5 

3-23 

1 WTR 

107.5 

3-22 


Initial Refurb Duration = 29 days 

Crawford Learning Curve Slope = 93 percent ETR, 97 percent WTR 
Average Refurb Duration = 16 days 
Initial Turnaround Time =78.6 days 








this study are based on the assumption that one hardware unit occupies 
one unit of refurbishment facility capacity to the complete exclusion of 
other hardware units. In reality, units may move from one part of the 
refurbishment process to the next, allowing a subsequent unit to start 
refurbishment before the first is finished. No data have been available 
to permit modeling of sequential activities within the refurbishment 
process. If sequential stations were accoimted for, the required hard- 
ware and capacities estimates would be lower in some cases. 

Much more analysis will be required to establish facility buildup 
profiles and to determine when and where extra work shifts will be advisable. 
None of the above items are needed as much as definition of the existence 
and modes of operation of sequential work stations witldn the refurbish- 
ment processes. Sequential processing can make drastic reductions in 
the capacities required. Costing data to permit tradeoff analyses of 
hardware quantities versus refurbishment facility capacity is needed. 


1 1 1. HARDWARE DELIVERY SCHEDULES 


The basic logistics simulation model output is the average number 
of new units needed per fiscal quarter to sustain the traffic model. 

These data are converted into production schedules by considering: 

(1) the confidence in the simulation results and the need to insure that 
either a new or refurbished component of each subsystem will be avail- 
able for launching on schedule, (2) the economics of smooth versus 
irregular production, (3) the cost penalties incurred when there are 1 
to 2 year breaks in production, and (4) the desire to reduce early year 
program funding due to budget constraints. The computer program 
which performs the production smoothing is described. The results of 
a production smoothing analysis have an associated confidence level; 
i.e., a probability of meeting the hardware requirements of a specific 
traffic model to avoid late launches. If hardware is delivered in advance, 
the probability of meeting the flight schedule increase ^ However, 
advanced delivery of hardware increases ea.'ly year program funding 
which is constrained. Thus the increased confide. ice in meeting the 
traffic model must be weighed against fiio ,’>Ji rc.q.-unding increase in 
early year program funding. These conf;ic4r.g c'nJitions and their 
resolution are described. 


A. Manufacturing Rates 

Hardware manufacturing rates for SRB components during FY78/ 
79/80 are more or less constant. These rates and time frames correspond 
to the manufacture of DDT&E flight hardware. The problem is that of 
deciding what manufacturing rate to select for the subsequent production 
of operational flight hardware. This decision point corresponds to the 
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termination of Increment 1 and the beginning of Increment 2 of the SRB 
Project. A critical factor is the consideration that the eventtiol mission 
model flown may not be firmly decided at the end of DDT&E hardware 
manufacture. DDT&E hardware manufacture ends for the aft skirt before 
the first flight. It seems probable that the experience and results of 
the six DDTftE flights and perhaps even the first few operational flights 
will be considered before a final decision is made to build up the mission 
model to the level of 60 flights /year, or to peak at 15 flights /year for 
example. The DDT&E flights and first few operational flights' cover a 
time frame of approximately 2 years. Further, approximately the first 
six operational flights can be performed on schedule with recovered 
DDT&E flights hardware. The necessity for additional hardware (beyond 
that purchased for DDT&E flights) does not arise until mid FY82. At 
that time, if it is still desired to continue the mission model buildup to 
60 flights /year, new hardware must be manufactured rapidly. 

Therefore, between mid FY80 and mid FY82 the following situation 
exists: (1) the eventual mission model to be flown is not known and 

(2) there is no necessity to manufacture hardware to run the mission 
model. So the question arises whether to continue manufacture of hard- 
ware during that period, and at what rate. The assumption to date on 
hardware manufacture is that there is essentially one production line set 
up to produce DDT&E and operational flight hardware units. Cost savings 
from the learning curve effect are necessary to achieve low total hardware 
cost and cost per flight, and these savings are only achievable with a 
continuous, smooth production plan. A significant production gap can be 
very costly in start-up and the re- learning involved. However, contintiing 
the DDT&E manufacturing rate will lead to significant overproduction 
resulting in high early year operational flight program funding and in 
wasted hardware if the outcome of the DDT&E flights lead to a decision 
to sharply curtail the mission model. Figure 17 depicts the situation 
graphically. The cross-hatched step function shows the cumulative new 
units required to support two traffic models, one peaking at 60 flights/ 
year and the other at 15 flights /year. The solid line beginning in FY78 
represents the accumulation of hardware from smooth DDT&E flight pro- 
duction. The dotted lines represent manufacturing rate strategies beyond 
DDT&E which are possible to meet the requirement for operational flight 
hardware. 

In mid FY82 when it is assumed that a firm decision can be made 
as to the subsequent flight buildup schedule and peak flights/year, the 
manufacturing rate which must then be initiated is critically dependent 
on what has been manufactured for the previous 2 years. If there has 
been a production gap, for example, and it is desired to follow the 
current baseline buildup plan to 60 flights /year , then a prohibitively 
high manufacturing rate will probably result. Prohibitively high means 
that the available tooling is inadequate for the required manufacturing 
rate. The penalty is the need to purchase additional sets of tooling and 
go to two or throe shift operation. However, in this situation if the 
DDT&E manufacturing rate had been continued, then sufficient hardware 
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Figure 17. General problem schematic 



would have accumulated and only a moderate or no increase in manu 
factoring rate would be required to meet the hardware requirement as 
the mission model builds up. 

Putting these factors in perspective, the general problem can be 
described as: the time period between the end of DDT&E manufacture 
and the time when a definitive mission model decision can be made is a 
time period when the strategy followed must be optimized to avoid severe 
cost penalty. 


6. Production Smoothing 

Production smoothing analysis is done by the GRAH computer pro- 
gram. The basic BOSIM output of the quarterly requirements for new 
hardware to support the launch rate is highly irregular. The interaction 
of mission model, attrition, turnaround time and hardware wearout lead 
to irregular requirements for new hardware. Figure 18 is an example 
for the forward cylinder, a portion of the Solid Rocket Motor case. 
Between 1983 and 1987 the requirements are particularly erratic. Figure 

19 shows a bar graph plot of these requirements, and Figure 20 shows a 
plot of the cumulative requirements. GRAH analyzes the data of Figure 

20 and determines the minimum level manufacturing rate which just meets 
the hardware requirements. T 3 rpical results are shown in Figure 21. 

The first section of smooth prodtiction corresponds to the known produc- 
tion of DDT&E hardware. Then beginning in FY80 GRAH determines the 
minimum level manufacturing rate foi the production of operations flights 
hardware. Appendix C and Reference 22 provide a more detailed 
description of GRAH. Figure 22 depnonstrates how the smooth production 
is broken down into quarterly production. Tables 17 and 18 present the 
results of applying GRAH to the full complement of SRB subsystems. 
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Figure 18. Example of new hardware requirements 
for forward cylinder. 

Obviously many production strategies can be followed to meet a 
given cumulative required curve. Two or three step increases in pro- 
duction can be made before searching for a minimum level. Figure 23 
illustrates this for the aft tunnel. 
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Figfure 22. Smooth prodr.ction broken down into quarterly production. 
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C. Confidence of Meeting the Traffic Model 

The nature of the BOSIM model is such that an unlimited supply 
of new hardware is effectively assumed to exist; however, new units are 
drawn and put into use only if a refurbished , previously used unit is 
not available. For each replication of the traffic model, the record of 
withdrawal of new units is interpreted as the "requirement” for new units 
to be available to sustain the launch schedule. The total number of new 
units required varies from replication to replication. The mean value of 
a group of replications (the sample mean) is simply called the "new hard- 
ware requirements." The number of replications required such that the 
sample mean is close to the pq[>ulation mean, to a certain confidence level, 
is an issue in all simulation models. It is believed that the mean value 
of 25 replications of BOSIM is within ±2 shipsets of the popul^on mean 
at the 95 percent confidence level. The BOSIM new hardware require- 
ments can also be regarded as the quantity of new hardware which gives 
a 50 percent oonfideiice of making ah launches on time with no launch 
delays r^ulting firom lack of availability of hardware, t-iketdse, there is 
a 50 percent chance that at least one launch delay will occur if no m<»*e 
than the mean value of hardware is available. 

The delivery schedule (or availability schedule) of the new hard- 
ware to support launches is crucial to the question of the confidence of 
making a particular launch. If all new hardware were available at the 
beginning of the traffic model, there would be virtual certainty for many 
years of making each launch. However, this implies a large early year 
cost. Delivering simply to meet the mean new hardware requirements is 
unacceptable because most launches then have a 50 percent chance of 
being delayed. Delivering hardware earlier than the mean requirement 
schedule increases the confidence of meeting each launch. From many 
studies of the early year funding constraints balanced with confidence in 
meeting the traffic model, the following groundrule evolved: Delivering 

hardware 1 year prior to the mean requirement date gives at least a 
90 percent chance of making all launches on time and does not significantly 
increase early year funding. Reference 23 discusses SRB hardware 
demand probabilities and launch delays. Standard deviations for cumula- 
tive new unit requirements is discussed in Reference 24. The relation 
between production quantities, use philosophy and probability of meeting 
launch schedules is presented in Reference 25. 


D. Hardware Flow Pipeline Size 

Questions of pipeline size arise from a desire to know how much 
hardware is in the system at any time and where it is located in the 
flow. Of particular interest from a management standpoint is the number 
of extra units above the minimum need to sustain the launch rate and 
turnaround cycle. The minimum number needed is referred to as the 
number in process. The numoer in process plus the extra represents the 
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total available. An **extra” pool develops when hardware is delivered 
earlier than the mean requir^ent delivery rate demands. A representa- 
tive complete history of hardware deliveries, requirements, lost, worn- 
out, in process, available and extra is shown in Table 19. The data in 
Table 19 show the following information: 

1) Cumulative New Units Required — taken firom the BOSIM "new 
units required ETR-HVTR" line which has been passed through the running 
round off algorithm and then accumulated. DDT&E units are included. 

2) Cumulative New Units Defivered — taken from ACP run, #460 
delivery schedules which have been accumulated. DDT&E values have 
been added to the front to allow comparison with the requirements. 

3) Cumulative Units Lost — taken from the BOSIM "mean total 
units lost by quarter" line which has been passed through the running 
round off algorithm and accumulated. Any DDT&E losses are included. 

4) Cumulative Units Worn Out — taken from the BOSIM "mean 
worn out units" line which has been passed through the running round 
off algorithm and then accumulated. 

5) Units Required "In Process" [A-(C+D)] — the "pipeline" which 
includes refurbished units which may be idle but does not include any 
new units which may be in storage. 

6) Units Available [B-(C-(*D)1 — the total number of units which 
are available including all new units which may be in storage. 

7) A Between Available and In Process [F-E] — the number of 
units which are available in excess of the "in process" requirements. 

Figure 24 shows lines fE) and (F) of Table 19 with the values 
plotted at the beginning of the quarter in all cases. Line (G) of Table 
19 is represented by the gap between the two lines which are plotted in 
Figure 24. Additional subsystem data are presented in Reference 26. 


E. Other Resource Schedules 

In addition to new reusable hardware, there are many other types 
of resources that have a "schedule" in the sense that they are needed 
at a certain time. Hardware that is expended on each flight simply 
requires that a new one be available some time prior to every flight. 
Some work is essentially of a level-of-effort t3q>e and is relatively 
independent of traffic model. Refurbishment is accomplished on each 
piece of recovered, reusable hardware. Refurbishment schedules are 
an output of BOSIM. Figures 25, 26, and 27 demonstrate how they are 
analyzed by GRAH. 



TABLE 19. AFT SKIRT POP-78-1-IV 


A) Cumulative New Units Required 

B) Cumulative New Units Delivered 

C) Cumulative Units Lost 

D) Cumulative Units Worn Out 

E) Units Required "In-Process** [A-(C>D)| 

F) Units Available [B-(C^D)1 

G) A Between Avoilabte and In-Process IF-El 


A) Cumulative New Units Required 

B) Cumulative New Units Delivered 

C) Cumulative Units Lost 

D) Cumulative Units Worn Out 

E) Units Required "In-Process" |A-(C+D)1 

F) Units Availabte 1B-(C+D)1 

G) A Between Available and In- Process IF-Ei 


A) Cumulative New Units Required 

B) Cumulative New Units Delivered 

C) Cumulative Units T^t 

D) Cumulative Units Worn Out 

E) Units Required "In-Process" |A-(C+D)1 

F) Units Available [B-(C-fD)1 

G) A Between Available and In-Process [P-El 


A) Cumulative New Units Required 

B) Cumulative New Units Delivered 

C) Cumulative Units liost 

D> Cumulative Units >orn Out ' 

E) Units Required "fw Process" |A-(C+D)1 

F) Units Available 

G) A Between Available and In Process fF-El 


A) Cumulative New Units Required 

B) Cumulative New Units Delivered 

C) Cumulative Units liost 

D) Cumulative Units Worn Out 

E) Units Required "In Process" |A (C+D)1 

F) Units Available |B-(C>D)| 

G) ' Between Available and In- Process |F-F1 
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TABLE 19. (Concluded) 
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IV. COST PARAMETERS 


A project as complex as the SRB (12- year duration, 500 flights 
and an approximate $6 billion run-out cost) involves many cost parame- 
ters. NASA made a commitment to the Congress in 1971$ that an SRB 
could be developed which could operate on a recurring basis for $3.28 
million per flight. Status estimates of CPF are regularly made against 
this commitment to assess the progress of the SRB development effort. 
From a hardware standpoint, the quantities of subsystems vary from a 
few dozen to several hundred. Tliis leads to a TFU cost and learning 
curve approach to predict unit cost. Most CPF studies center on pre- 
dictions for the operational shuttle flights (from Flight 7 to approximately 
500). The hardware for t ese operational flights is expected to be 
essentially identical to the hardware used for the first 6 DDT&E flights. 
Thus the DDTftE experience cost data base is used for operational flight 
cost predictions. The reusable feature of the SRB design means that 
many early operational flights can be accomplished using recovered and 
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refurbished DDTftE flight hardware. Hence a production gap develops 
between the conclusion of manufacture for the first six flights and the 
resumption of production to support later operational flights. Special 
costing assumptions are needed to determine the cost penalty resulting 
from this break in production. 


A. TFUCost 

Approximately 12 sets of SRB hardware are being manufactured in 
the DDTftE program; i.e . , enough for each of the six DDT&E flights to 
be performed with new hardware (two SRB*s are required per flight). 
The cost to manufacture the first flight set is determined through con- 
sultation with project office personnel and the various businesses 
presently uflider contract. This process establishes the TFU cost for 
each component. Figures 28 and 29 show representative TFU's used in 
a recent budget exercise. The TFU cost concept is also applied to the 
refurbishment operation as is demonstrated in Figures 28 and 29. 


8. Learninq Curves 

The learning curve theory states that as units on a production 
line are produced, the time, and subsequently the cost, to produce them 
decreases. The learning curve is used in the cost analysis to represent 
uninterrupted production line cost decreases. For the purpose of this 
document, the term learning curve and cost improvement curve are 
interchangeable and wiU pertain to dollars and units. 

In the cost analysis program, both the Wright learning curve and 
the Crawford learning curve methods are available. The Crawford 
learning curve method is based on the theory that each time the total 
quantity of units produced is doubled, the cost to produce the last unit 
of this doubled quantity wiii oe reduced by a constant percentage. 

The Wright learning curve method is based on the theory that 
each time the production of a prodt.'ct doubles, the new cumulative 
average cost declines by a constant percentage. In both cases, the 
complement of tW >nstant percertage of reduction is commonly referred 
to as the *’ slope ,his means that if the constant percentage of reduc- 
tion is 20 percent, ne slope would be 80 percent (100 perc(,'nt less 20 
percent). 

The slope or constant relationship between cost and unit is deter- 
mined from the equation: 

n 

2 = learning curve (1) 
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Figure 29. Subsystem hardware cost d-^ta - FY76/1 K$. 
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where 


B 


slope 


losr (learning curve) 
log (2) 


( 2 ) 


For the Crawford cost method, the individual unit cost is deter- 
mined from the function* 


Unit Cost = TFU*X® 


(3) 


where TFU is the theoretical first unit cost, X is the unit nu iber being 
costed, and B is the slope. 

For the Wright cost method, the cumulative average cost of a 
number of units is determined by the function: 

Cumulative Average Cost = TFU*X C^) 


from which th-i individual unit cost is determined as: 


Unit Cost = TFU^CX®*^^ - (X-l)®'^^, X > 1 


(5) 


The learning curve is usually plotted on log-log paper; however, when 
it is plotted on ordinary square graph paper, the true "curvb” is 
revealed. Figure 30 illustrates a plot, on ordinary square giaph paper, 
of the individual unit costs for both types of learning curves 3ach 
having a slope of 80 percent, with a first unit cost of $100.0*^. Note 
that Wright learning is faster than Crawford learning. Figuro 31 is a 
graphic representation of the unit cost data presented in Figure 30, 
except that it is plotted on log-log paper. Where learning experience is 
not applicable (learning curve input parameter is 0) , the analysis 
assumes the first unit cost is essentially a predetermined constant cost 
per unit. 

For dementi: costed along the learning curve, the total cost of the 
element is determined by summing the individual unit cost as computed 
cither by equation (3) o" by equation (5). The cost of a spare unit is 
determined by computing for ei.ch phase (development and operational), 
the average unit cost f the notv hardware units (new and spares) costed 
for theSt phase. This average unit cost is the cost of a spare unit. 
Hard<jare costing of new and spare units, along the learning curve is 
illustrated in Figure 32. Figures 28 and 29 show the learning curves 
assumed. All arc Crawford unless a "W" appears indicr Wright- 
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Figure 30. Unit cost, Crawiord versus Wright (80 percent curve). 
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C. Production Gap 


Determining the cost effects of production interruptions should 
consider the following elements: 

1) Quantity produced to date 

2) Time lapse between lots 

3) Availability of the same personnel 

4) Condition and availability of proven tools and jigs 

5) Similarity of layout and space allocation. 

Unfortunately, this t 3 rpe of empirical data is not yet available for 
the SRB. Currently only estimates of their combined effects can be 
made. However, as the Space Shuttle program progresses, empirical 
data will become available and costing techniques can be modified to more 
accurately predict costs. 

The general situation is that having produced 12 SRB’s in DDT&E, 
what do we expect number 13 to cost when there has been a delay of 
from 1 to 2 years? It is reasonable to assumi .hat the same contractor 
who built No. 12 will build No. 13. Surely, ine thirteenth would not 
cost as much as the first and as surely it would not cost what 13 would 
have cost with no production break. A percent loss of learning parame- 
ter is defined such that 100 percent loss means we are back to the TFU 
and 0 percent means there was essentiaUy sir)v:>oth production. A factor 
of 50 percent is normally assumed for budget exercises. 

The method of analysis uses a "one-half production gap penalty 
(PGP) algorithm to estimate the cost increase due to the production 
interruption. The "ore-half PGP algorithm determines the unit number 
on the learning curve which yields a cost equal to the average of the 
TFU cost and the cost of the first operational uiiit. For the Crawford 
learning curve, Ihe cost Oi unit X, C (X) is found by 


C(X) = TX® 


( 6 ) 


where T is the TFU and 


B 


log L 

log 2 


(7) 


where L is the learning curve slope. 
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Once the penalty cost, C(P), has been determined, the unit number 
P is computed by 


p = 10 exp *»s C(P) - log T 

15 


The fractional value is truncated to yield a worst-case approxima- 
tion. 

The Wright learning curve requires a different method of calcula- 
tion. The cost of luiit X, C(X), is found by 


C(X) = TfX®"^^ - (X-l)®"^^) (9) 


where T and B are defined as in equation (6). 

When given C(X), T and B, X can be found by finding the solu- 
tion to 


F(X) 


0 = 


xB« . (x-l)B^‘ - S<a 


( 10 ) 


which is algebraically eqmvalent to equation (9). Table 20 presents the 
data relevant to the production gap penalty inputs Tor SRM and SRB 
subsystems. 

Figure 33 presents cost /unit plots for two subsystems using the 
Crawford learning curve, the SRM case labor (85 percent), and the SRM 
case aft cylinder (96 percent). 

Lines A and D are the graphs of the learning curve without 
interruption of production. Curves B and E are graphs of the cost /unit 
using the one- half production gap penalty units. Curves C and F are 
the graphs of cost /unit for a full production gap penalty, that is, the 
cost of the first operational unit is the original TFU and learning beoins 
again at the original rate. Figure 34 presents a plot of the cumul. . 
average cost /unit for the ET Attach Strvrts Reusable and the Nose 
Frustum subsystems which use a Wright Learning curve (95- and 86- 
percent slopes, respectively). The cumulative average cost /unit is used 
because it is the parameter on which the cost decrease is based. Curves 
A , B , C , D , E , and F are the same type as those presented in Figure 33. 
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TABLE 20. ONE-HALF PRODUCTION GAP ?EN/.LTY UNIT NUMBERS 


SUBSYSTEM 

LEARNING 

CURVE 

VALUE 

- 


FIRST 

OPERATIONAL 
UNIT NUMBER 

UNIT NUMBER 
TO ACHIEVE A 
1/2 PRODUCTION 
GAP PENALTY 

SRM 





Labor, Case 

85 

12 

13 

2 

Aft Cyl, Case 

96 

12 

13 

3 

Fwd Cyl, Case 

96 

12 

13 

3 

Aft Stif Tee, Case 

96 

18 

19 

3 

Cyl, 0th Seg, Case 

96 

26 

27 

4 

Fwd, 0th Seg, Case 

96 

6 

7 

2 

Atch, 0th Seg, Case 

96 

6 

7 

2 

Aft, 0th Seg, Case 

96 

6 

7 

2 

Refurb, Case 

90 

6 

7 

2 

Labor, Noz 

98 

12 

13 

3 

Comp Ring, Noz 

95 

7 

8 

2 

0th Prts, Noz 

95 

7 

8 

2 

Elastomer, Noz 

95 

12 

13 

3 

Bearing Shims, Noz 

95 

12 

13 

3 

Aft End Rina, Noz 

95 

12 

13 

3 

Fwd End Ring, Noz 

95 

12 

13 

3 

Refurb, Nozzle 

90 

3 

4 

1 

Labor, Igniter 

96 

13 

14 

3 

Met Prts, Igniter 

96 

8 

9 

2 

Refurb, Igniter 

90 

7 

8 

2 

Lab & Mat, Propellant 

99 

12 

13 

3 

Lab & Mat, Ins & Liner 

94 

12 

13 

3 

Labor, Electrical 

n 

12 

13 

3 

Lab & Hat, Mtr Fin 

i 

9C 

12 

13 

3 

1 

SRB 





E&I 





Fwd Skrt Compnts 

92 

12 

13 

3 

lEAS 

92 

12 

13 

3 

Recovery Battery 

92 

12 

13 

3 

Frustum Components 

92 

12 

13 

3 

Fwd Cables 

92 

12 

13 

3 

Aft Cables 

92 

12 

13 

3 

TVC 





Actuator 

90 

24 

25 

4 

Power Supply 

90 

24 

25 

4 
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TABLE 20. (Concluded) 


SUBSYSTEM 

LEARNING 

CURVE 

VALUE 

DOTAE 

UNITS 

REQUIRED 

FIRST 

OPERATIONAL 
UNIT NUMBER 

UNIT NUMBER 
TO ACHIEVE A 
1/2 PRODUCTION 
GAP PENALTY 

Structures 






Nose Cap 

H* 

92 

12 

13 

2 

Nose Frustum 

H 

86 

12 

13 

2 

Separation Rlno 

H 

86 

12 

13 

n 

u 

Pwd Skirt 

W 

87 

12 

13 

2 

Sys Tunnel Fwd 

H 

88 

12 

13 

2 

Sys Tunnel Aft 

W 

88 

12 

13 

2 

ET Attach Rino 

W 

91 

12 

13 

2 

ET Attach Struts 






Reusable 

H 

95 

12 

13 

2 

ET Attach Struts 






Expendable 

V 

95 

24 

25 

3 

Aft Skirt 

W 

87 

12 

13 

2 

Thermal Shield 

W 

90 

12 

13 

2 

RECOVERY 






Pilot Chute 


95 

12 

13 

3 

Orooue Chute 


95 

12 

13 

3 

Main Chute 


95 

36 

37 

5 

Satellite Floats 


05 

36 

37 

5 

SEPARATION 






Separation Mtrs 


95 

96 

97 

8 

PYROTECHNICS 






Pyrotechnics 


95 

12 

13 

3 
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CCL 
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Figure 33. 







Figures 33 and 34 compare favorably with Exhibit XI- 1 on Page 
372 of Reference 27. If the cost of the first operational unit (unit 
number 13 for both cases) is plotted above the penalty unit number, 
then the straight lines A and D are redrawn. When using linear axes, 
a shift of either axis results in the same graph, as the relationship 
between axes is constant. However, when using a log-log grid, a shift 
in either axis disrupts the relationship of the axes, which is why Curves 
B, C, E, and F in Figures 33 and 34 are not linear. 

A review of the production gap problem is presented in Reference 

28. 


D. Inflation 

Input cost data may be declared in dollars of any fiscal year and 
quarter from FY72/3 through FY92/4 and are assumed (by the analysis' 
to be at the end of that year and quarter. To provide results in a 
constant or standardized base year dollar of interest, the CPF inflation 
routine deflates or inflates the input cost data. The mflation rates 
currently modeled in the program are listed in Tables 21 and 22. The 
tables are updated to reflect actual inflation rates experienced as time 
progresses. Table 21 is the standard NASA inflation. Table 22 reflects 
actual historical experience of the Thiokoi Corporation and is therefore 
used for Solid Rocket Motor costs. 

T’le calendar and fit ’a’ year relationships are provided with a 
quarterly breakdown of each. The inflation rates are in percent per 
quarter. The cumulative inflation factor is the conversion factor that 
changes dollars from one base year to another to account for the inflation, 
and has been computed to include a compounded inflation rate effect. 


E. CPF Computer Program 

The h'^rdware quantity results from the logi tics simulation together 
with such nrn-hardware costs as transportation, assembly, sustaining 
engineering, etc. form the basis of a total operational flights cost 
analysis. In addition to the TFU and learning curve costing method, 
other cost analy *chniques such as cost /year or cost/seri^ice opera- 
tion arc used to . the remaining Shuttle program elements which are 
considered chargettble to SRB operations cost. Dividing the total opera- 
tions cost in constant year dollars by the appropriate number of flights 
determines the average recurring CPF which can be compared to the 
Agency commitment to Congress. 

The computer progiam designed to calculate average recurring CPF 
is called the CPF program. A brief description and flow chart is pre- 
sented in Appendix D. The program is fully documented in References 
29 and '*'hc input data required and typical oxitput arc represented 
by Figuies 3'’ through 44. 
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TABLE 21 


STANDARD i^AS INFLATION 


oti 

CALENK* 

va/otI 


|l»tAH0M 

AATC 

CUnUlATUJC 

lAflATlON 

tmtinntuanMmttMm 



1 

78^1 

^4 

l.»8 

1.88808 

8 

78/8 

1.858 

1.81858 

3 

78/3 

?3/l 

1.858 

1.88516 

4 

78/4 

73/8 

1.838 

1.83797 

S 

73/1 

73/3 

1.858 

1.85095 

6 

73/8 

73/4 

1.858 

1.86488 

7 

73/3 

74 1 

1.858 

1.07738 

8 

73/4 

74/8 

1.858 

1.89085 

9 

74/1 

74/3 

3.758 

1.10449 

le 

74/8 

74/4 

. 3.758 

1.14590 

II 

74/3 

7S/J 

3.758 

1.18888 

18 

74/4 

78/8 

3.758 

1.23346 

13 

75/1 

75/3 

1.758 

1.27971 

14 

75/8 

75/4 

1.758 

1.38211 

IS 

75/3 

76/1 

1.758 

1.32489 

16 

75/4 

76/8 

1.758 

1.34808 

17 

76/1 

76/3 

1.758 

1.37167 

18 

76/8 

76/4 

1.758 

1.39568 

19 

76/3 

76/5 

1.759 

1.42018 

80 

76// 

77/1 

1.758 

1.44495 

81 

77/1 

77/8 

1.758 

124 

88 

77/8 

77/3 

1.758 


83 

77/3 

77/4 

1.758 

t.J221S 

84 

77/4 

78/1 

1.750 

1.54879 

8S 

78/1 

78/8 

1.758 

1.57589 

86 

78/8 

78/3 

1.758 

1.68347 

87 

78/3 

78/4 

1.756 

1.63153 

88 

78/4 

78/1 

1.7J-* 

1.66C08 

89 

79/1 

79/8 

1.758 

1.68913 

30 

79/8 

79/3 

1.758 

1.71869 

31 

79/3 

79/4 

1.758 

1.74877 

38 

79/4 

8U/1 

1.759 

1.77937 

33 

80/1 

eo/8 

1.758 

1.81051 

34 

80/8 

89/3 

1.750 

1.84219 

3S 

80/3 

89/4 

1.7S8 

1.87443 

36 

80/4 

81/1 

1.750 

t. 98723 

37 

81/1 

81/8 

1.759 

1.94861 

38 

81/8 

81/3 

1.758 

1.97457 

39 

81/3 

81/4 

1.759 

2.00913 

40 

bl/4 

88/1 

1.758 

2.04429 

41 

88/1 

88/? 

1.758 

2.88096 

48 

88/8 

82/3 

1.758 

2.11646 

43 

88/3 

88/4 

1.758 

2.15358 

44 

88/4 

83/1 

1.750 

2.10119 

45 

83/1 

83/8 

1.758 

2.22953 

46 

83/8 

83/3 

1.750 

2.26355 

47 

83/3 

83/4 

1.759 

2.30325 

48 

83/4 

84/1 

1.750 

2.340S4 

49 

84/1 

84/? 

1.758 

2.30974 

50 

84/8 

84/3 

1.758 

2.43157 

SI 

84/3 

84/4 

1.759 

2.47412 

58 

84/4 

85/1 

1.758 

2.51741 



TABLE 21. (Concluded) 





CALENDER 

6ZSC0L 

IHnATION 

CUmiLATluC 

OTr 

Y8/0T9 

Y8/QT8 

86TC 

r^riATioH 

!«**n 


MUttftt 



53 

95^1 

85/2 

1*759 

2.56147 

54 

85/e 

85/3 

1.750 

2.69639 

55 

85/3 

85/4 

1.759 

2.65191 

5S 

85/4 

86/1 

1.759 

2.69831 

57 

86/1 

86/2 

1.750 

2.74553 

58 

86/2 

86/3 

1.759 

2.79358 

59 

86/3 

86/4 

1.7S0 

2.84247 

69 

86/4 

87/1 

1.759 

^ 89221 

61 

87/1 

87/2 

1.759 

2.94283 

62 

87/2 

87/3 

1.759 

2.99433 

63 

87/3 

87/4 

1.759 

3.94673 

64 

87/4 

88/1 

1.759 

3.10004 

€5 

88/1 

88/2 

1.759 

3.15429 

66 

88/2 

88/3 

1.750 

3.20349 

67 

83/3 

88/4 

1.759 

3.26565 

68 

83/4 

89/1 

1.759 

3.32281 

69 

89/1 

89/2 

1.759 

3.38996 

70 

89/2 

89/3 

1.759 

3.44013 

71 

b9/3 

89/4 

1.759 

3.50033 

72 

89/4 

90/1 

1.759 

3.56158 

73 

90/1 

99/2 

1.759 

3.62391 

74 

99/2 

99^3 

1.759 

3.60733 

75 

99/3 

99/4 

1.759 

3.75185 

’e 

99/4 

Sl/1 

1.750 

3.81752 

77 

91/1 

91/2 

1.759 

3.P84;:2 

78 

91/2 

91/3 

1.759 

3.55230 

79 

91/3 

91/4 

1.759 

4.02X45 

89 

91/4 

92/1 

1.759 

4.09184 

81 

92/1 

92/2 

1.750 

4,16344 

82 

92/e 

92/3 

1.7?0 

4,23631 

83 

92/3 

92/4 

1.759 

4,31044 
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1 



TABLE 22 


THIOKOL INFLATION 



CAIENDEA 

FISCAL 

iNflATlOA 

cunuLATiue 

OTP 

VR/QTR 

YA/079 

RATE 

inflation 

smittstsssu8Mme«tts8ntBt<8s«ftsMatmtsttttsasf 

1 

72/1 

72/3 

• 855 

1.99999 

2 

72/2 

72/4 

• 855 

1.00S55 

3 

72/3 

73/1 

• 855 

1.01717 

4 

72/4 

73/2 

• 055 

1.02587 

s 

73/1 

73/3 

K697 

1.63464 

6 

73/2 

73/4 

1,697 

1.95229 

7 

73/3 

74/1 

1*697 

1.97007 

8 

73/4 

74/2 

1.697 

1.90C23 

9 

74/1 

74/3 

5-549 

1.19670 

10 

74/2 

74/4 

5-549 

1.16891 

11 

74/3 

75/1 

5,549 

1.23272 

12 

74/4 

7S/2 

5.549 

1.30101 

13 

75/1 

7S/3 

2.877 

1.37399 

14 

75/2 

75/4 

2,877 

1-41269 

15 

75/3 

76/1 

2.877 

1.45325 

16 

75/4 

76/2 

2.877 

1.49507 

17 

76/1 

76/3 

2.325 

1.53899 

18 

76/2 

76/4 

2.325 

1.57305 

19 

76/3 

76/5 

2.325 

1.61044 

29 

76/4 

77/1 

2.325 

1-64783 

21 

77/1 

77/2 

2.499 

1.68619 

22 

77/2 

77/3 

2.4C9 

1.72665 

23 

77/J 

77/4 

2.4C3 

1.76810 

24 

77/4 

78/1 

2.409 

1.81C34 

2S 

78/1 

78/2 

1.759 

1-8S399 

C6 

78/2 


1.759 

1.88S44 

27 

78/3 

’i *i/4 

1.759 

1.91945 

28 

70/4 

79/1 

1.759 

1.95304 

29 

79/1 

79/2 

1.759 

1.98722 

39 

79/2 

79-3 

1-759 

2.C2199 

31 

79/3 

79/4 

1.750 

2.05733 

32 

79/4 

30/1 

1-759 

2.09333 

33 

09/1 


1.759 

2.13092 

34 

00/2 

•10/3 

1-759 

2.16729 

3S 

00/3 

00/4 

1.759 

2.20522 

36 

G3/4 

91/1 

1.759 

2.24331 

37 

81/1 

fl\/2 

1.759 

2.28398 

38 

n;/2 

*11/3 

1.759 

2.32393 

39 

Gl/3 

01/4 

1.759 

2.36368 

49 

81/4 

G2/1 

1.759 

2.49505 

41 

82/1 

82/2 

1.759 

2.44714 

42 

82/2 

02/3 

1.759 

2.46996 

43 

82/3 

82/4 

1.759 

2.53354 

44 

32/4 

83/1 

1.759 

2.57707 

45 

83/1 

83/2 

1.759 

2.62298 

46 

83/2 

83/3 

1.759 

2.66889 

47 

83/3 

83/4 

1.759 

2.71559 

iB 

83/4 

04 '1 

1.759 

2.76312 

49 

84/1 

84/? 

1.759 

2.81147 

59 

84/2 

84-3 

1.759 

2.86067 

SI 

84/3 

84/4 

1.759 

2.91973 

52 

8«/4 

C5/1 

1.759 

2.96167 


86 


ORlQiNAL 

^ QUALITY 



TABLE 22. (Concluded) 



C81CN9C8 

riscAi 

INrUTXON 

cunuiATivc 

OTff 

VR/Om 

V8/0TR 

8ATC 

iMTlATICm 






S3 

85/1 

85/8 

1.758 

3.81358 

S4 

85/2 

85/3 

1.758 

3.86624 

5S 

85/3 

85/4 

1.758 

3.11988 

56 

85/4 

86/1 

1.758 

3.17449 

57 

86/1 

86/2 

1.758 

3.23885 

S8 

86/2 

86/3 

1.758 

3.28657 

58 

86/3 

86/4 

1.758 

3.34489 

68 

86/4 

87/1 

1.759 

3.48261 

6t 

87/1 

87/2 

1.7S8 

3.46215 

62 

87/2 

87/3 

1.758 

3.52274 

63 

87/3 

87/4 

1.758 

3.58439 

64 

87/4 

88/1 

1.758 

3.64712 

65 

88/1 

88/2 

1.758 

3.71894 

66 

88/2 

88/3 

1.758 

3.77588 

67 

88/3 

88/4 

1.758 

3.84196 

68 

88/4 

89/1 

1.759 

3.98928 

69 

89/1 

89/2 

1.758 

3.97761 

78 

89/2 
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Figure 35. Hardware quantities of each element. 
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36. Total hardware cost for DDT&E and operational flights. 
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Figure 37. Subsystem hardware on unit cost basis. 
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Figure 38. CPF per subsystem component . 


91 



rOTAl. cosr FL 1 »»HT - PY 1976/1 




* 

* 

* 


CPF ELEftFMT 


* UPlWmTXOjvAL * COST ♦ 

* flights total * P£*» ♦ 

* PMOGRA^l COST * FLIGHT ^ 


♦ 

* 

* 

a 

A 

« 

* 

* 

A 

* 


iTAt^DvA'VL 
T^l 
T 1 ? 
T>ii 

I -i«i 

I 


A 

A 

A 

4 

A 

A 

A 

A 

A 

A 


m^^.6 

lSb 67.7 

lr?^>7lu*.a 

l5>Wcf?/>,b 

hil,^d.2> 


56 . a 
3 S .1 
^^*.3 

157.6 


A 

A 

A 

A 

A 

A 

A 

A 

A 

A 



Figure 39, CFP for SRM. 
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Fi^re 40. Subsystem hardware quantities. 
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Figure 41. Subsystem hardware total cost - FY1976/1 K$. 
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Figure 4“^. Subsystem hardware average unit cost - FY1976/1 K$. 


95 



* 


A * 

FLIuHTS * 

ftft ft ft ftftft ft^ 

^ft 

ft 


H s y .i I 

4 ft **•*•»*» 

Ikftftftftftftftftftftftftftftft 

OP. 

ft 



♦FcioHTS * 

\t ft 

Sr>4-<t J^ft 

MEFUKh* 

FLIiiHTS 

ft 


bAC TVC 

ft ft 

ft 

ft 

^ 

% 

^ J 

ft 


TVC I<E.< 

* * 

IS.bft 

ft 

l.:U 

IS. 5 

ft 



ft ft 

ft 

ft 

ft 


ft 


SUB ><FC.JVCf«V 

ft ft 

ft 

ft 

ft 


ft 


PIL<iT C «UTt 

ft C.4 ft 

uift 

»..*ft 

1. *^ft 

1.1 

ft 


O.iUiiOr.jf CMUrf. 

• ia,i ft 

/.'>ft 

‘•'ft 

^ . *A ft 

7.5 

ft 


HAP. CHtjIt 

ft • 

3^*6ft 

*. ^ft 

t’.Oft 

56. F 

ft 


PAf-A LoC AI> 

ft 1 «A • ft 

4, bft 

.1.* ft 

J.lft 

7,7 

ft 


vc-«r sut'f ,ST(*L:C 

♦ Ai.i * 


*ft 

1 . K.‘ ft 

/.6 

ft 



ft ft 

ft 

ft 

ft 


pr 


SHrt TVC 

ft ft 

ft 

ft 

ft 


ft 


ACrjATo'< 

* * 

a7.h* 

"ft 

4.6ft 

b^.a 



P-i.^Fk SifPOty 

* !»<•». 7 * 

Oi. ftft 

^ft 

12.2* 

9o.l 

ft 



ft ft 

ft 

ft 

ft 


ft 


{j'lri sTrttic 

ft ft 

ft 

ft 

ft 


ft 


•nUSt: 

* * 

27. i* 

’A 


2/. 5 

ft 


FKrsTu- 

ft ft 

J«Y*7ft 

-l.i-ft 

li.lft 

2V.tj 

ft 


SbPAKtriJi • l.Hi 

• o.l * 

Ib.Sft 

) . V ft 

l.'.lft 

16.3 

ft 


F-vf SAI' T 

* hf.l * 


;./ift 

li.lft 

5b. 3 

ft 


1 IN'EL 

ft a, 6 ft 

^ .Ift 

ft 

t'./lft 

1.4 

ft 


AFT I.J.nwcL 

• i.i • 

.-.7* 

.1. ^ft 

P.2* 

1.2 

ft 


PFuSArtLF. .jf'iiTS 

ft ft 


% 1ft 

yl.Mft 

4.6 

ft 


F<P‘«)!<L STrtiUb 

ft ;> • o ft 

s ;,<»* 

•• 'ft 

✓!.‘*ft 

8^.9 

ft 


tr attach hi.i(; 

ft ft 

t> • 4ft 

<.*'ft 

. 9ft 

7.3 

ft 


AbT SKlf 1 

ft X7j.7 ft 

97.>ft 

'-.'"ft 

^8.7ft 

ld6..l 

ft 


THtPFTL SUct> 

ft ft 

14.5ft 

’./ft 

t'..lft 

14.3 

ft 



ft ft 

ft 

ft 

ft 


ft 


S'Ju ttl 

ft ft 

ft 

ft 

ft 


ft 


I'iTMiT f Lkt AS-l.'L 

ft ft 

7 <? • •> ft 

1. ift 

3Mft 

1^?.7 

ft 


Al riT.iOh S^IT;! 

ft d.l ft 

«? • Sft 

'• . V ft 

'^.5ft 


ft 


F*»USTJP L'CAf Alt^ 

ft ft 

1.5ft 

"ft 

I.Sft 

l.H 

ft 


HF HfcACu,4 

ft !•/ ft 

%ti* 

»• "ft 

t'.4?ft 

o. 6 

ft 


KF "tACi'H M-.fe'vrA 

ft ft 

/•.A* 


l.L'ft 

/ • .1 

ft 


FLASmI 1.11 »1T 

ft r' • o ft 

.:. 5ft 

.'.xU 

I* 


ft 


PA ft ort iJ 

ft .V ft 

*5. /ft 

".‘■ft 

?.Pft 

11.5 

ft 


CAfiLt-Hl USAPLt 

ft 1 1) . o ft 


' • ft 

;?.7ft 

h.b 

ft 


SF'iSUfS 

ft 1 . / ft 


•*. '‘ft 

iM* 

i^. 6 

ft 


MtCilVfPv ••rtffc-^Y 

ft i . / ft 


.. )ft 

>».rift 

?.S 

ft 


rtAIItt'V 

ft V ft 

/.O* 

'»ft 

ft 

»4.H 

ft 


tA4»Lf-lfP".c»y 

ft c:.') ft 

ft 

'.ft 

/J.lft 

O. i' 

ft 



ft ft 

ft 

ft 

ft 


ft 


b JP StP ''1 

• ft 

ft 

ft 

ft 


ft 


StFAP*. (IJ< ’(JTu»’3 

ft S* 7 ft 

4 / . o* 

./'ft 

‘1,^ ft 

47. b 

ft 



A ft 


* 

ft 


ft 


S'lil PYir J C * JlCb 

ft ft 

* 

> 

ft 


ft 


PYh'iTtC I'lrc:- 

ft 1 >•> ft 


ftftftftft ftft fti 

.i.^/ft 

93. 1 

ft 
y A 

A i 
*1 

f jTAI >> 

ft I 'ifi. ft 

/->'i. ft 

». ft 

****A**ftl 

ft 

ft 

kftftftftftftftft 

b44. 

ftftftftftftft*! 

If w 

ft 

i^ft 


Figure 43. Subsystem hardware cost per flight - FY1976/1 k$. 
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Figure 44. Total cost per flight - FY1976/1 K$. 



The Solid Rocket Motor (SRM) part of the SRB is illustrated in 
Figures 35 through 39. The hardware quantities of each element of the 
SRM are shown in Figure 35. The designations TMl - TM5 in Figure 35 
reflect the work breakdown structure (WBS) used by the prime SRM 
contractor, Thiokol Corporation, for contract administration. The 974 
units of project management reflect the use of a cost /SRB methodology 
for 487 operational flights of management support. The units under 
"DDT6E Flight Units New" represent the learning curve start unit which 
implements a 50 percent production gap penalty. A shipset is defined as 
the number of units of a subsystem needed to make one SRB. 

The total hardware cost for DDT&E and operational flights is shown 
in Figure 36. The designation "FY1976/1K$” means first quarter of fiscal 
year 1976 dollars and is equivalent to the terminology "1975$." Thus, in 
terms of run-out cost, the SRM portion of the SRB is expected to cost 
$1.63 billion in 1975$. On a unit cost basis, the results are as shown in 
Figfure 37. Figure 38 shows the cost-per-flight per subsystem component. 
The total cost-per-flight for SRM is ^3.34 million as shown ir Figure 39. 

CPF program data and results for the remaining hardware and 
services for the SRB are presented in Figures 40 through 44. The 
hardware is expected to be procured through a booster assembly con- 
tractor (BAC). The BAC will either manufacture the hardware or sub- 
contract it out. The indication "BAC" means it is anticipated the BAC 
will manufacture this hardware, and "SUB" means it is anticipated he 
will subcontract those components out. The BOSIM analysis of new 
hardware quantity requirements appears in the column "Operational Flight 
Units - New" in Figure 40. The format for data on total program cost, 
average unit cost and subsystem CPF in Figures 41, 42, and 43 is the 
same as previously discussed for the SRM. 

The total CPF data in Figure 44 includes cost for the BAC itself. 
The designation "INC 2" means the first 21 operational flights, and 
"INC 3" means the balance of the traffic model. The four line items of 
"Refurbishment" could be regarded as depot level maintenance costs. 


V. REAL YEAR COST 


Budget estimates generally require cost estimates in real year 
dollars. Schedules for hardware delivoiics and the performance of 
service operations do not affect a constant dollar cost calculation. H*"v- 
cver, due to inflation, schedules are crucial to real year dollar cost 
estimates. A WBS containing 140 elements has been constructed for the 
operational flight phase of the SRB project. Each element is costed over 
the traffic model. The Annual Cost Program (ACP) computer model per- 
forms the calcul.ition. Ixjng lead hardware funding requirements are an 
important part of a real year cost estimate. 
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A. Work Breakdown Structure 


The WBS is organized consistent with how the SRB project is 
expected to be managed during operational flights. A prime SRM con- 
tractor delivers loaded motors to the launch site and returns recovered 
empty motor cases to his facility for refurbishment and reloading. The 
launch site Booster Assembly Contractor (BAC) has a large subcontract 
effort to procure the remaining hardware (E&I, recovery, separation, 
TVe, structures, pyrotechnics). The BAC also performs assembly and 
checkout of the complete SRB ns well ns refurbishment of recovered 
SRB's, ex(?ept for the SRM ns previously mentioned. From n budgeting 
standpoint three lino items make up the total SRB project cost: SRM, 

SRB and LOGISTICS. IX)G1STICS is small compared to SRM and SRB 
and conttuns essentially transportation costs. The SRB line item is 
understood to contain now hardware procurement as well as launch site 
assembly, checkout and refurbishment operations of the BAC. Figure 45 
presents the WBS. The designations NASA 1 and THIOK 1 indicate the 
applicable inflation table. 


B. Long -Lead Funding 

Payments in advance of hardware delivery, whether they are called 
progress payments or long lend funding, are occasionally required. The 
technique for handling this from a budget standpoint is first to estimate 
the cost as if it were paid C.O.D.; i.c., when the hardware is actu.ally 
delivered on dock at the launch site. Then, if partial payments arc 
required prior to delivery, the percentage of the total reqturcd is spread 
out over as many quarters prior to delivery ns necessary. Table 23 
shows typical spread functions. The "0” quarter is the quarter of 
delivery. The numbers are pcrcontagcs and total 100 for each subsystem. 


C. Total Resource Schedules 

Cost /flight and level of effort type functions can be considered to 
have a "delivery schedule" in the sense that they are performed or 
"delivered" at a certain lime. I’unclions such as management and project 
engineering and integration fall in this category. Figure 40 shows 
tlclivery schedules for these non-hardware items from 1077- 1902. Actual 
hardware delivery schedules are shown in terms of the number of units 
per quarter from 1077-1002 in Figure 47. Refurbishment schedules are 
illustrated in Figure 48. 
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TABLE 23. SRB COST SPREAD FUNCTIONS 
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Figure 46. Non-hardware increment 2 delivery schedule. 
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Figfure 46, (Concluded). 
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Figure 47. New hardware increment 2 delivery schedule. 
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Figure 47. (Continued). 
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Figure 47. (Continued). 
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Figure 47. (Continued). 
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Figure 47. (Continued). 
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Figure 48. REF hardware increment 2 delivery schedule. 
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Figure 48. (Concluded). 



D. Annual Cost Program 

All the SRB hardware delivery data, TFU’s, learning curves, 
spread functions, and inflation rates are integrated into the ACP and a 
budget estimate results. A basic ACP description and flowcha3rt is con- 
tained in Appendix E. The program is documented in detail in Refer- 
ences 31, 32 and 33. Figures 45 through 48 along with the TFU and 
learning curve data from Figures 28 and 29 complete a set of ACP input 
data. The first output is a ranking of the WBS elements by percentage 
contribution to total program cost. Figure 49 illustrates this form of 
output. The SRM yearly and total cost is shown in Figure 50. In 
Figure 50 "NHW" means non-hardware, "NEW" means new hardware and 
"REF" means refurbishment. BAC costs are summarized in Figure 51. 

For WBS elements listed twice, the first is increment 2 costs and the 
second is increment 3 costs. The cost of new SRB hardware is presented 
in Figure 52 and refurbished hardware costs are presented in Figure 53. 
An ACP study of the SRB electronics and instrumentation costs is pre- 
sented in Reference 34. 
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Figure 49. (Concluded) 
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Figure 50. WBS summary table 2 - solid rocket motor 


i 




a 




o 

>0r 

mt 

ao 

s 

K-J 

-»o 

<A«A 


§ 


S 


oir>fl»ok^ 


SX8SX 

StSS** 


S8SS888S8S88»SS8SSS^^ 

l4r- * «-« 0 » *4BCU*«A^0Din 

»4» r^o>«inr»r*r* 


8SSSSS¥S;;9S88S85888SiS^f;i?3;&3S 

n A €»m Oft •^lAr^fM m A 
A A^ <0 A^ *4 A A A 


AUlIMfkA 

A^-«OA 

An*4«|«| 

<OOVO«« 


untraiA«4Ai^<UAA 

fvAOfU^r-Anir^A 

l^cncUi^ AA AAAAAAA 

AM ««ni A«-»niA-^v 


S3c» n?S» 3^^»^A?^A3iAA^2S^Kjoft*SM 

SPPPS?{P«SS^^ St5S5i?»tS^^ 

fUAAnMAA <r«r>^ACUftSAr U»A M V A A -^^OjfijAr «IW 


<D<OV A««*«nj Af^ ««M 

HI 


A VCUA^M 
V€U lU fU 
A 


A A A Afw A A AM A A V A A AfU V A « A « Ar- ^ A AItt Af^ m 
Y ^ AAriOA*«*«M*4l^ A^P-l^r- AH' AAAOAAA V AM^^A 
• ••••«•••••••••••«»•••••••*•••« 

vr-AMf^ VAAMI^ ArVAA 9 m#>MAVAA««MAMMr> ^AA 
<N*C» C9 A A *«A AO A tt V M <r^«-'IOO HI <« ^AM^M V AO V A V A 
A O OI A « A M A A C9 A M A A V A A «« V A ^ ^ ^ ^ ^ 
AAM^ ««MM A ^ »^M ••A AMAI^ ■•A 

*« w ASA A A 


AAA*«r^MAMMAA^ ^ AAAA^AA '•Af** A« AAAA^ •« 
AAA ^ «• A V r- A ««n A A AO O A A A Af^ A ««M Af^ A *«|y « M 


O A A A 
A 


M^AA**AMAA*«AAAAAVAraMAH-AAOrfAOOAC^A 
A^H-OAf-OAAMAAAr^A^AMAAAr>A^Af»M« AO« 

A^> WC^MMAAA«-**^A«1><r»r»C»l^ AIAAOI^ MAAAUI*4fti 
MAIftCTAAO^ AAA**0*^ir»r>rft*^OOOAr»*««^C>OMCftAM 
O^MA*«9 AAAC^ 9 AAf^ AAl-lMt^ AAA0i«N«i7C|ftn^ AAA 
'^»AM«»«w r-M -•A AOAy 

»« Q CAA A •« 


At^ M AM W M M 40 or- Af^ A ^ A ^ A A A A A A Ar^ M it *« A A 
A««A 0 AAAAA 0 AAA«^« 4 AVAVA V« 4 AMMAAAAr A 


•«M^MMOMniAM'<^A V A^MI^ Af^^^mA^V^CHACftAMMtf* 
OO A M V AO ri €901 A A «4 <r M OCIM O A A A M 9 A «-• A f*- A A A 
M « A A •« »«0 AAC9 A A A 9 HI AO «« Al^ r- AO ««0 A O Ar- 
5r5lAA«^^V C^C9 •^M** ^A OACU«-* A 

*-• A 0 »« lU ^ 


Mf^ A At*^ M AM « Ain •« AO ««<UM « AMA0BO«« A A A A 

^ AOw^AMOSr^ •« 4 »*«AOOAOOO<-«OMM€ttOAAAMA 


Of^»*AOf^ V Oinor|*^«^AOOC*l«<M^ AAMM*<M 4 t AM«^ AA 
^ *«««ArifnioooiOr-fnmoc^oio(^ o«-«««« 9 iA«^^ri<-«AMAA 
»OAAooooir-oo»nv<y«-»ooAAr-r-MOMM^ooAr^ A 

M^RI««««^V AOOO OA C*ICU«« ^C^MA O 

«« r» A ^ 


c9mi«i r- 

OAA(i)A 
r-o Ai'j 

jcoi^ irnrm T X X T X. 

l«f OAXOOOOO 
♦ ♦« * 2#* _ _ 
*-**-*u frrrnrncnt 

**-Q •J<JI(^l4|t-|r^MU(«i 

oa >> floors no AO 


or Koo 

A mX 2 
ofrivAcstt 
<taiLOAA 


a 

111 


xr e 2 

•Mtt-« R 

o« a •a 


^ «<s 

m 

9^<t ^ 

xtr A 

A 

»«Af» 

X3X 

_ _ . (M«|A(t yor-U *^OM 

ft> X o ♦ ft ou AX ;r X .i X ««u g « <If> S!\ 1 t?-®- 


p/i*r«g^5 


rt -jRfv- ^uiiAi 


23ai«K!rv{W««K51«SS?M»S«SS?!??7a|a^8^ 

7t;« ».i<l <( <t <t <t « « <l <r ^(Qn<ynnnnn^->€9^}n * J<^^3 

ca«/>ao«#«>oooo«>o<»2i;::2ri:* **—*«•-• luff 

It ic ic It ic (C tt <e r: ic r: le IT <*• tc «c »r IT IT It ir It It 5 K It j: r K 

5«KlvS5!?2X«55RaS5S5SS;a55S5aS^ 


rrK 

rear 

AA 


3 


•d 

a> 

g 

•ii 

+■» 

c 

o 

o 


o 

■A 

Q 

g) 

E 


«>.i» 


119 


% 

I 
■ 
• 
I 
I 
I 
I 
I 

bid • 

I 

AOA I 

«c:5 ff 

#-> • 


UMOutow^cvcoin^mniA ( 

^90»cuf^nYOookii>^oi9iik«^a»ncBOMbu««iAOom^ «<u»c9um^ i 

■ifwiik<n^f«»MiOBQ»noa>«i^«ioi^ r»^ ^«oc*tibw wnmiAfu^ i 

^ •4|0««l|idll»«V^f^% Yf0<OU»OBtnr-^«« ( 

-- 


bicufucu r-iu cu<*i«« *«<y 

oi 


«0coai-» a> ( 

~>«<« fit 1 


m 


iSi! 

3 O I 


p«j- 


. bibibibl 9^ 

OrfAfAfAffi 


•-«££ 


bIZ I 


oeo I 



bl*JL _ ^ „ 

•-0 <Abi VI •-«££ H ^ Obl^ 

ZOt- ttCfltlAZTXZZ bit- Zt^«-t ft zi-a 

•-•t-O bibabit-t-t-l-»- Oftftuifttt ft ^ft3 

bi SOZOOOOO Zftbl ft ZCfAl 

♦ ♦ft ZZft_^ ftftftOOO ft O Ul I 

*-4«-«Wftftftftft t-4 OCZZftft*4ft Z I 

•f-ft «J«J*^bfb«blbibi ft^ftt-t^blblftOftS ft Z3Z I 
t»ft > >t-OOOOftftOftblUlft 3ftt-b. t^Obl I 

♦»ZO^ftOl>v>ZZZZZ0r»CXftftt-Ob.ftblblt-Z^b.blC: ( 
Zblbi_0 •-••-•*-• n«Ot-*JbJU 3bl»lZft ZOft ZbI I 

bl ftft»-Ot-«l-J»J^^ft«JOOUIftftftft ft*-«<l^ft*J I 

Kf-t-ZftftSft >> VWbl ftftft^t-»^««ibl I 

blOft*>*^ftU ftOOOOOftblblblUlblblbltilbtb»bt*Jftft^«^ I 
QbiOZ *J«.J*J*J»J»J.^»J|-t-l-bl^t-ftbl*-« I 

ft*^a XbfblblblblblblbtblblNMNMMts|fMMt-»f^>-«a30bl0*- i 
ZOft fttA<A<AftftfA<AtfHA«MSlMMMNMMMZZZOftbll-<A*.J I 
ftft 3»Jftftft ftftftftft ft ftOOOOOOOOi5d<5ftZ^ft^3 i 
ZftftftOOOOOOOOeiOZZZ Z Z ZZZt-t«^*-«ft^bfCeft ( 

ccicrftrzftcr ftcrczrcczccczzzczE ! 

rftftftftaftftftftfrftarftttftftftfrarftftft i 


120 


Figure 50. (Concluded) 
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Figure 53. WBS summary table 5 - SRB refurbished hardware. 
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APPENDIX A 


MCONV? MISSION MOOa CONVERSION 


MCONV2 is a FORTRAN pFogram which converts launches per 
quarter data to launch interval data. ETR and WTR launches are 
scheduled independently. Two passes are made through the program. 
The first pass is made to process launches per quarter ETR data and 
the second pass is made to process launches per quarter WTR data. 
Launches per quarter data is read from a file and stored via a DATA 
statement into an array, LPQ, which allows for 56 quarters with the 
first storage word being for FY79/1. 


The program provides to the user the capability to specify specific 
launch dates by calendar year, day, and month for Loth ETR and '.VTR launch 
sites. Specific launch dates are rend from a file, and calculations are 
made to store the dates in days elapsed since the start of FY79/1 format. 

The scheduling logic for quarters without fixed dates first divides 
the quarter by twice the number of launches to get DT. Then one DT 
into the quarter is the time for the first launch of the quarter. The 
time increment to each succeeding launch in the quarter is 2*DT. The 
last launch is one DT before the end of the quarter. 
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Figure A-1. 

If the quarter has both fixed dates and dates to be computed by 
the program, the scheduling logic first divides the quarter by twice the 
number of non-fixed launches to get DT. The logic is the same for 
computing intervals as if there wore no fixed dates. Then each interval 
between fixed dates is viewed as if it is a quarter and is d’vidod by 
twice the number of launches that fall within that interval to got DTj. 
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Figure A-2. 

Output includes both punched cards and printed tables. Launch 
interval data is output via punched cards in the format required for 
GPSS functions. A table is printed which includes: 

— ETR and WTR identifier. 

— Cumulative tot.al launch number (overall). 

— Cumulative total launch number (for the particular site). 

— Calendar month, day, year of launch. 

— Fiscal year /quarter of launch. 

— Days elapsed since last launch at this site. 

A flowchart of MCONV2 is shown in Figure A-3. 
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APPENDIX B 


B00S1ER SIMULATION (BOSIM) PROGRAM 


INTRODUCTION 

This summary presents a narrative description of the current Solid 
Rocket Booster (SRB) Simulation Models, BOSIM Versions 3 and 4. This 
summary is intended for the nonprogrammer and does not cover the input 
and output in the detail of the user's guides, References 7 and 9. The 
primary purpose of this summary is to describe some important features 
of the SRB's planned operation through cycles of use and refurbishment 
and to describe the manner in which these features are treated in the 
computer operated models. The two currently used versions of BOSIM 
both model the same system and are different primarily because Version 
4 treats only 1 subsystem at a time while Version 3 simultaneously treats 
19. Version 4 is easier to use and produces results equivalent to the 
more versatile Version 3 under the groundrules used for most studies. 
Reference 3 presents brief descriptions of many of the groundrules and 
definitions currently applicable. This summary expands and adds to the 
descriptions in Reference 7 with emphasis on the specifics of implementing 
groundrules in the models. 


SCOPE OF THE MODELS 

The BOSIM models are General Purpose Systems Simulation (GPSS) 
models which simulate the operational cycles of the major subsystems of 
the Space Shuttle's Solid Rocket Booster (SRB). The reusable subsys- 
tems of the SRB are tracked through cycles of assembly, use, disassembly, 
and refurbishment. 

Figure 8 illustrates the operational cycle of a typical subsystem , 
the nose frustum, as it is simulated in the model. Each copy of a sub- 
system is tracked from the time it is received from the manufacturer 
until it is lost or worn out. The time period of the simulations is usually 
from the beginning of fiscal year 1979 through fiscal year 1990. 

A list of subsystems currently modeled is provided in Figure B-1. 
When the differences between subsystems are not eonsidered signifieant 
for the purposes of current applications, two or more subsystems are 
eombined under one name and set of characteristics. The drogue and 
main parachutes are currently combined under the name "p.arachutes" 
because their loss risks, refurbishment times, maximum reuses, and so 
forth are the same. In the past, the aft Instruments and Electronics 
Assembly (lEA) and the forward lEA were similarly combin d. They are 
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now treated separately because of differences established in their refurb- 
ishment durations. Expendable subsystems are not included in the models 
because the quantities to be bought, worn out, and so forth can be 
determined by simpler methods. 

Shipsets, consisting of all the essentially identical units which go 
into one SRB, are the smallest entities considered. A shipset may con- 
sist of one unit such as the nozzle, or four stiffener tees, depending on 
how many are included in one complete SRB. One Shuttle launcli 
requires tro SRB's or two shipsets of each subsystem considered. Mot 
included in the model is consideration of reuse of complete or partial 
shipsets after they have boon classified as lost due to accidental damage. 
For Version 3, the complexities involved in utilizing partial sliipscts 
would probably require a larger model than could be accommodated with 
the computer resources now available. 

The simulations include new hardware when it is delivered. The 
events involved in getting now subsystem copies built and shipped to a 
storage facility whore they await assembly into an SRB are not included 
in the BOSIM models. 

The models perform what is basically a large bookkeeping task. 

Each copy of a subsystem is tracked from one activity to another from 
the time it is delivered until it is lost or worn out or the end of the 
time period being studied is reached. If this were to be done manually, 
the proccdui’o would bo something like the following: 

Step 1 - Sot the simulated time or simulation clock to the time of 
the first event. 

Step 2 — Make the status changes required at that time. For 
example, a subsy.stcm copy is taken from storage and started through 
the SRB assembly procedure. 

Step 3 — Calculate the time when each copy will finish the activity 
it just started and schedule the next future statu.s cliange event for 
each copy. 

Stop 4 — After all the current status changes are completed . scan 
the list of future events and pick the nearest future time wlien the statu;, 
of some part of tlic system is due to cliange. 

Step ~ Move tlie simulation clock forward to the next event 
time. Return to Step 2 and continue until the period of the simulation 
(currently 12 years) is completed. 

The status of each subsystem copy is kept in the form of entries 
on tables. One table specifics where the subsystem cojiy is at the 
current simulated time. Other t.iblos carry specifies about eacdi copy, 
such as when it entered the system, how many uses it has accrirvl , 



its serial number, its scheduled departure time from its present status, 
and so forth. Other tables keep track of the status of the system, such 
as how many nozzles are currently being refurbished, assembled, and 
so forth. 

The point of the preceding description is that each item is tracked 
individually. In the simulation models, a specific identifiable set of 
equipment makes up each SRB at launch. 

Unfortunately, reality is not perfectly predictable, so the models 
must have analogous features of unpredictability. The random occtirrence 
of accidents is modeled by inputting loss probability curves which are 
used with random number generators to select specific subsystem copies 
to be lost. Diuing one simulation run, the random number generators 
may produce unusually favorable or unfavorable loss patterns, so 25 runs 
are normally made and the results are averaged. 

Crawford method learning curves are applied to operations such as 
assembly, disassembly, and refurbishment to account for the decreases 
in the duration of these activities which re'sult from improving methods 
and worker skills with experience. Tlie details of learning curve applica- 
tions and other groundrules are covered in the following sections. 

Both design, development, test, and engineering (DDT&E) and 
operational phases of the Shuttle era are covered by the models. 


MISSION SEQUENCE 

In this section, the sequence of events which occurs during the 
simulation of one mission is described. In subsequent sections, par- 
ticular characteristics relating one mission to others are explained. 

The simulation a mission begins at the time prior to launch when 
the first of the SRB subsystems is required to be physically committed 
to the mission. This time, called the assembly start time, marks the 
latest time prior to launch that one subsystem shipset could be substituted 
for another without perturbing tho normal prelaunch events. At the 
assembly start time, the choice of a refurbed shipset is made, or a new 
shipset is assumed to be dcliK^ercd if no refurbished shipset is available. 

In the current models, no waiting for equipment past the assembly start 
time IS permitted since on -time launches are re^juired. 

In Version 3, the model progresses through an assembly sequence. 
This means that as time advances the other subsystem shipsets are 
committed to the mission in the same manner as the first subsystem. 

For each subsystem , the choice of which shipset will be used is made 
as late as possible preceding the scheduled launch time. (In reality, it 
will be possible and desirable to anticipate the p!apset choices for a 
mission. In the models, there is no need to know the choices earlier 
than the time the commitments must be made.) 
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In Version 4, only one subsystem is considered, so the assembly 
time begins at the latest time that the subsystem shipset can be committed 
and ends at launch with no events (concerning the ame mission) in 
between. A learning curve factor which reduces the length of the 
assembly time as experiences increase is used. 

Launch occurs and the two SRB's splash down separately. An 
input sinking probability is used with a random number generator to 
select those SRB's which sink. A sinking terminates consideration of 
one shipset of each subsystem and contributes to the counts of lost 
equipment output by the model. A constant 0.2 percent is currently 
used for the sinking probability at both splashdown areas. 

For those SRB's which do not sink, the next interval simulated 
includes the flight phase, splashdown, retrieval, return to the launch 
site, and unloading of the SRB's from the retrieval ship. A single time 
is input for this period and no learning curve factor is applied. 

The disassembly sequence of events is treated in a manner similar 
to the assembly sequence. The times required to separate each shipset 
from the other subsystem shipsets are inputs. As the simulated time 
advances, each subsystem shipset is released in turn until all are 
separated. A learning curve factor which reduces the disassembly dura- 
tion as the count of disassemblies increases is used. 

In Version 4, only one subsystem is considered, so only one interval, 
the time between disassembly start and release of the subject subsystem, 
is used in the simulation. 

From the time of its release, each subsystem shipset is tracked 
separately. A probability of loss is input for each subsystem for applica- 
tion at this point in the event sequence. It is assumed that if water 
impact damage makes a shipset unfit for the normal refurbishment pro- 
cedure, that fact will bo discovered during disassembly. A random 
number generator is used with the subsystem's loss probability to select 
the shipsets to be lost. Those shipsets which are selected leave the 
sys ' m permanently and contribute to the counts of lost equipment. The 
loss probability is varied by application of a learning curve. 

The number of uses accrued on the subsystem shipset is compared 
with the maximum uses permitted, which is a constant for each subsys- 
tem type, and those that are worn out arc counted and permanently 
removed from the systetn. instead of going to refurbishment. 

Those shipsets qualifying for refurb, by virtue of passing the loss 
and wc.irout tests, are immediately sent to their respective refurb sites. 
Only the time required for transportation is considered in the model. 

No equipment waits to fill a barge or any other vehicle before the 
shipping interval is started. Every qualified sliipsct goes to refurb, 
regardless of whether there is a predicted need to use it again to finish 
the launch schedule. The transportation to refurb intervals are input 
am’ do not change during the simulated time period. 



In the current models, unlimited refurbishment facility capacities 
ha\’^e been assumed. In other wovus, all shipsets begin their i*efurb 
activities upon arrival at the rcfuib site. None are required to wait 
dr.-j to the facility being busy processing previous arrivals. The dura- 
;iOii of each subsystem's refurb is . n input, but the time is reduced 
with experience. 

At completion of the refurb activity, the shipset is immediately 
shipped back to the launch site where it is to be used next. (If the 
refurb is done at the launch site, the input value for shipping time is 
small or zero. ) The shipset is then available for reuse on a subsequent 
mission. The method of choosing shipsets from the available pool is 
discussed in the AVAILABLE POOL section. 


SUBSYSTEM ASSIGNMENT 

SRB subsystems are either "dedicated" or "shared." If a subsys- 
tem is classified as dedicated, the shipsets used at the Eastern Test 
Range (ETT) are never used at the Western Test Range (WTR) and vice 
versa. If a subsystem is classified as shared, a given shipset may be 
used in SRB's launched at both ETR and WTR. For example, nozzle 
number 1 (classified as shared) might be used for ETR missions 1 and 
7, then for WTR mission 1, then for ETR mission 30, and so forth. 
Because forward skirts are not shared, one used for an ETR mission 
will never be used in ait SHB launch jd at WTR. 

Sharing usually has the effect of reducing the number of shipsets 
required to meet a launch schedule, because equipment which would be 
idle at one site can he used at the othei* site. Currently, sharing is 
limited to the Solid Rocket Motor (SRM) subsystems which are to be 
refurbished in Utah. Sharing is a logical choice when a single refurb 
facility supports both launch s'tes. When separate facilities are used, 
sharing becomes progressively less attractive as transportation times and 
costs increase. 


LEARNING CURVES APPLIED TO DURATIONS 


Crawford method learning curves are applied to assemoly, dis- 
assembly, and refurbishment durations in the models. The learning 
curve factor (LCF) is a fractional multiplier which produces an exponential 
decay in the event duration as the number of repetitions increase. Figfure 
B-2 shows the 93-percent slope learning curve which is applied to ETR 
assembly, d'sassembly, and refurbishment durations The equation for 
the learning curve factor is 
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lTarning curve factor 



Figure B-2. Crawf'' d learning curve with 93-percent slope. 


LCF = ^ 

n 


where 


n is the flight number 


and 


S is the slope expressed as a fraction, that is, for a 93-percent 
learning curve slope, S = 0.93. 

The event duration is the first unit duration multiplied by the learning 
^'nrve factor 


Duration = TFU x lCF 

n 


where 


TFU is the duration of the activity the first time it is performed 


and 


rXF^ is the learning curve factor for the nth flight. 


The learning curve slope currently groundruled for ETR operations 
is 93 percent. The slope was chosen to satisfi a requirement that the 
last refurbishment duration be at least 50 percent of the first unit dura- 
tion. For lack of better data, the same slope has aiso been used for 
assembly and disassembly operations. 
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It has been assumed that the WTR operations will benefit from the 
learning at KTR, Consequently* the first refurb at WTR should have 
approximately the same duration as the then current refurbs at ETR. 
Also* because fewer missions are launched at WTR than ETR* WTR’s 
learning will always trail ETR's. The degree of learning transfer is 
debatable* but for these models a liigh level of learning transfer has 
been assumed. In practical terms* this means that WTR follows a learn- 
ing curve which stays very close to ETR’s as time progresses. The 
learning curve slope chosen for WTR is 97 percent. The first unit dura- 
tions for WTR arc two-thirds of the ETR first unit dunitions because of 
the assumed learning transfer by the time of the first WTR mission in 
FY 1983. Figure B--3 shows the learning curve factors for ETR and WTR 
assembly activities versus time. 

Those operations dono in Utah* refurbisliing the SRB subsystems, 
are assumed to operate on 93-peivent slope learning curve also. 

While the same slope is currently input for assembly, disassembly, 
and refurbishment, the curves are applied differently. The SRB’s are 
assembled in pairs and the number of learning experiences is equal to 
the numlwr of pairs wliich have p;issed through the assembly facility. 

For the 100th mission, the 100th value on the learning curve is applied 
to Xhc TFU assembly time. 

Learning is applied to the disassembly activity as follows. If both 
SRB’s from one mission are recovcreil, each has the same learning curve 
factor (LCF). 'fhe number of experiences is the sum of llights where at 
least one of the SRB’s was recovered. In practice, ♦his means that the 
same learning occurs with each flight whether one or two SRB^s are 
disassemble 4. For the 100th flight, some earlier value on the learning 
curve (perhaps the 98th) will be applied since some missions will result 
in both SRB’s sinking. 

The individual SRB subsystem shipsets go to refurbishment, if 
qualifit'd as described earlier, and each shipset refurbisliod counts as 
an experience. If no hardware were lost or worn out . each second 
shipset from the 100th lliglit would use the 200th value on the learning 
curve. Each first shipset would use the 199th value. 

The effect of tlie preeetling applii'ations of the learning curves is 
th It the refurbishment durations decrease faster percentagewise than the 
assembly duralioi's wliich also iloi*rease faster than the disassembly dura- 
tions. This is true as long as the same slopes are input for these 
activities. 


The slopes (aiul so forth) currently used are soiaewhat arbitrary 
and are subject to change as better (lefinition of the SRB system is 
obtmned. 
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LEARNING CURVES APPf 5KD TO IX)SS PROBABILITIES 


As noted earlier, a separate loss probability is applied to each sub- 
system of each disassembled SRB at the time each subsystem is separated 
from the remainder of the SRB subsystems. A current groundrule 
specifies that there is a 50-percent probability of loss or risk for the 
first shipsets flown. Other inputs specify the 12-year average loss 
probability for each subsystem as shown in Figure B-1. If a learning 
curve is used, its slope must be chosen to satisfy the two constraints 
for a given number of experiences or exposures to loss in this case. 
Finding the number of exposures is a "chicken and egg" problem , because 
the number depends on how many new shipsets are used and the ntimber 
of new shipsets depends on how many are lost. For purposes of deter- 
mining a slope, the number of exposures is assumed to equal the number 
of Shuttle flights. The equations which foUow are used to obtain the 
loss probability learning curve slopes by iterating on values of slope 
until the resulting average is the desired value. 


. _ (n + 0.5)^ 1 - B - (1.5)^ ® „ F% 

n(l - B) 100% 

„ _ -log (slope) 

log 2 

where 

A is the desired average risk of loss, 
n is the number of exposures to loss, 

F is the percent loss probability of the first shipset, 

and 

slope is the calculated learning ciirve slope fraction. 


Once the slopes arc avmlable. the loss probability for each dis- 
assembled shipset may be calculated as the product of the first unit 
value, 50 percent, and the learning curve factor. 


Risk = F'.*. X LCF 


Shipsets are picked for loss in simulations by comparing random numbers 
to the current loss probability. For example, if the loss probability 
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were 10 percent » a loss would occur when the random number was within 
a prepicked 10 percent of the possible random number values. 


AV.---ABLE POOLS 

After a shipset is refurbished, it is considered to be a member of 
a group of shipsets available for reuse or, more concisely, it is in an 
available pool. In reality, the next flight for a given subsystem shipset 
will probably be decided as soon as its time to complete refurbishment 
can be predicted with certainty. Consequently, most (if not all) of the 
refurbished hardware will have at least a tentative next flight assignment 
when it comes out of refiirb, and there will be no problem in determining 
where to ship it. Modeling the predictive aspects of reality is very 
diffictilt and, fortunately, unnecessary in this situation. An alternative 
concept, the avail^le pool, produces the same results and can readily 
by modeled. The only assumption required is that the choice of hard- 
ware for a mission is made as late as possible, that is, when it must be 
physically committed to the assembly sequence. The choice from the 
shipsets then available is based on the number of uses accrued on each. 
Currently, the newest hardware, in terms of number of uses, is chosen 
first. 

The areas of use philosophy , including which of the available ship- 
sets should be chosen, is currently under study. It is relatively easy 
to modify the models to use alternative logics such as giving priority to 
particular serial number shipsets, using a first-in- first-out logic, switch- 
ing fr(Mn oldest first to newest first at some preset time or condition, 
and so forth. 


MANUFACTURING RATE 

The au>dels are formulated so that no shipset quantities must be 
guessed prior to running the simulations. The model determines how 
much hardware is needed by adding a shipset whenever one is required 
to avoid a missed or delayed launch. The resulting delivery schedule 
shows the latest times when hardware can be received without missing 
a planned launch. 

A second option allows delivery schedules to be specified. For 
example, 74 SRB segment sets might be delivered beginning in 1979 at 
the rate of one per month. If the input delivery schedule does not pro- 
vide sufficient shipsets, then additions are automatically made as required 
and reflected in the output. Early delivery of hardware can have the 
effect of reducing the total quantity required because the uses are 
better distributed over the shipsets. This behavior is currently under 
study in conjunction with the logic for choosing a shipset from the 
available pool. 


* 

h 


145 



DDT&E HARDWARE REUSE 


Design, development, test, and engineering (DDT&E) hardware is 
groundruled not to be reflown before the seventh Shuttle flight . This 
constraint is included in the models by preventing DDT&E shipsets from 
entering their respective available pools after refurbishment until choices 
for the sixth flight are completed. Consequently, new shipsets are used 
to assemble the 12 SRB's used on the G DDT&E flights. 


MODEL APPLICATIONS 

The models were developed to determine quantities of hardware 
required to support a launch schedule using realistic constraints and 
avoiding assumptions about how many uses could be obtained from 
individual subsystem shipsets. The models have been coded in General 
Purpose Systems Simulation (GPSS) form instead of Fortran or some other 
language because of the sigjiificantly more flexible nature of GPSS models 
and the sliorter coding times requii'cd. Simulation models incorporate 
groundrules which may be considered analogous to the laws of physics 
in a trajectory analysis or other analytic program. A trajectory program 
can be set up as a black box suitable for use by nonprogrammers since 
the groundrules, the laws of physics, do not change. A simulation model 
frequently does not have a constant set of groundrules over a long 
period. Simulation models consequently have limited independent usability 
by nonprogrammers. The applications discussed in the following para- 
graphs are not simply available by setting option flags or setting up the 
appropriate set of input data cards. In many cases, the application is 
or requires a variation in the gfroundrulcs or may be affected by other 
groundrule changes so that working with the coding cannot be avoided. 

One significant groundrule currently under study involves the 
choice of hardware from the available pools as mentioned earlier. Each 
modification to prepare a deck for that type of study is relatively minor 
and can usually be completed in less than 2 days. 

Some studies can be accomplished without coding changes, par- 
ticularly with the single subsystem simulation. Version 4, which has soi, 
easily understood inputs. Changes to refurbishment, transportation, 
assembly, disassembly, and retrieval times; learning curve slopes; loss 
rates: and maximum uses per shipset can be easily made by any user. 
With a little instruction, launch schedules and some other quantities can 
also be modified. For further information see References 9 and 7. a 
Programmer's Manual for Version 3 and the User's Guide for Version 4. 
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Figure B-4, BOSIM flowchart. 
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Figure H-5. "1 Kr '" logic (RFB sequence). 
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APPENDIX C 


GRAM COMPUTER PROGRAM 

INTRODUCTION 


The GRAH package consists of two separate programs: SMLMAC 

and BIGMAC. Both are independent programs and each can be execitted 
separately. SMLMAC creates new data files or updates existing data file 
in the format required by BIGMAC, which processes these files. BIGMAC 
processes data files made available by SMLMAC in Graphic Analysis of 
Hardware Requirements. 

The GRAH programs were developed on a PDF 11/46 installation 
with a TEKTRONIX 4010 Graphic Computer Display Capability. These 
programs are designed to be interactive with a minimum of effort pro- 
vided by the user. Detail instructions, which query the user for 
responses, are displayed on the CRT terminal. Either program can 
directly access individual records from the data files. This option pro- 
motes user convenience as well as saving both man and machine time. 

The individual capabilities of each program are described separately. 


SMLMAC - PROGRAM DESCRIPTION 


SMLMAC is an importai.. part of Graphic Analysis of Hardware 
Requirements Software Packag 3 . SMLMAC can create new files or update 
existing data files whose records arc unformatted and can be accessed 
directly. The length ot each record is predetermined to be 52 words so 
that it would be in accordance with the length required by BIGMAC. 

The files made available by SMLMAC may be used by other programs 
which require similar data. SMLMAC is capable of receiving input data 
from punched cards or from Tektronix Interactive Terminals. 

D'rtail instructions along with data input formats are displayed on 
ti t ^er.'ninal. These instructions aid the user throughout the execution 
o' he v-io^i'am. The punched card input to the SMLMAC program should 
h.’V'e tC'* following format: 



Card Column 

Format 

Description 

1 

A1 

Not used at this time. Leave blank. 

2-17 

16A1 

Name of the subsystem. 

18-62 

1513 

Number of hardware units required. A 3 digit 
integer for each of 15 years. 

63-64 

12 

Number of units per shipset. 

69-70 

12 

Record number to be updated (this field is 


required only when updating an already existing 
file. This field is ignored if a new file is being 
created. ) 


BIGMAC - PROGRAM DESCRIPTION 


BIGMAC is the main program of Graphic Analysis of Hardware 
Requirements Software Package. This program, which is independent of 
SMLMAC, uses data files made available by SMLMAC in analyzing hardware 
requirements. This program has the ability to make temporary changes 
to individual records before they are processed. BIGMAC, upon request, 
will provide the user with hard copies of all analyzed output data that is 
displayed on Tektronix Graphic Computer terminal, or leave the option 
of copying to the user by only reminding with a slightly longer than 
ordinary bell tone. BIGMAC, also at user's option, can provide requested 
output for all subsystems in the data file sequentially or allowing the user 
to process individual records. In addition, the program provides a 
complete listing of the assigned data file before processing any of the 
records . 

BIGMAC provides separate or any combination of outputs for new , 
refiurbished , and minimum level of hardware requirements along with 
quarterly requirements of minimum level and refurbished hardware. 

Graphic representation is provided for minimum level of hardware 
required, superimposed on the cumulative graphic output of new hard- 
ware requirements. BIGMAC also can provide graphic representation of 
cumulative and non-cumulative requirements for new and refurbished 
hardware. To increase output clarity, BIGMAC is designed so that when 
providing graphic output, the smallest possible scale is used. One of 
the capabilities of this versatile program includes consideration of DDT&E 
hardware quantities to determine the latest possible year to resume pro- 
duction after a production gap , and to continue production at a constant 
rate. A generalized program flowchart including a brief functional 
synopsis of each of the required subroutines follows. 


150 



BIGMAC - General Program Flowchart 
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The general descriptions of each of the eleven subroutines used in 
the program BIGMAC ar-- listed below. 

SUBROUTINE DESCRIPTION 


DRAXIS 


Determines window size and draws X and Y axes. 


LABEL 

MARKER 


Displays proper labels on the screen, describing the 
graphic representation that will be drawn. 

Determines the scale to be used and marks the axes. 


REGPLT 

BARPLT 

MINPLT 

BOSIM 

REFURB 

MINIMUM 


Presents graphic representation of the analyzed output 
quantities in the form of a Step Chart. 

Presents the graphic representation of the analyzed 
output quantities in the form of a histogram. 

Presents the graphic representation of the analyzed 
output quantities in the form of straight lines. 

Performs the required calculations to determine new 
hardware quantity requirements. 

Performs calculations to determine the refurbished 
hardware quantity requirement. 

Determines the minimum yearly requirement of new 
hardware. 


BREAK 

HRDCPY 


Provides quarterly broakdow of yearly hardware 
requirements. 

Determines the need for a hard copy. 
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APPENDIX D 


COST PER FLIGHT PROGRAM FLOW AND DESCRI PTION 

PROGRAM DESCRIPTION 


This Cost Per Flight Program flow diagram has been designed to 
provide the user with a program flow for cost analysis using the cost 
per flight computer program. 

The CPF program algorithm was written in the Fortran IV pro- 
gramming language. It was originally designed for execution on the IBM 
7044 and the UNIVAC 1108. It was modified to execute on the PDP 11/70. 

The CPF program evaluates the cost elements, hardware and non- 
hardware, and determines for each element, the total cost, the average 
unit cost and an average cost per flight. 

The CPF progrmn outputs cost data in a concise and legible form 
for user interpretation. For each hardware clement &)sted, the total 
cost of now units, refurb units and spare units, by development phase 
and by operational phase is presented in tabular form. 


PROGRAM INPUT 

The input data lias been divided into three sections, program 
control data, non-hardware or line item data, and subsystem hardware 
data. Each section is discussed as follows: 

Program Controi Data — 

The program control card is a single card containing several 
parameters that effect cost analysis of all line item cost data and all 
subsystem hardware cost data. For each data set, the user may specify 
a maximum of three unique time periods (fiscal year /quarter) for which 
the output cost results are standardized. If all time periods are omitted 
or an invalid time period is used , the cost results arc standardized to 
FY 72/3. Growth and Reserve factors .arc also entered on the pixigram 
control data card. 

Line Item Cost Data — 

The purpose of this input section is to enable the user to cost 
elements, such as Assembly, Project Management, etc., th.at are non- 
hardware or direct cost, and to record the cost results as unique line 
item entries in specific program output reports. 
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Subsystem Hardware Cost Data — 

The subsystem hardware costing is divided into three x>st cate- 
gories, new units, refurbishable units, and spare units. Table 7 of the 
Cost Per Flight Program Description and User's Manual presents a card 
listing of sample hardware cost data and Table 8 identifies input criteria 
for each of the hardware cost parameters. 


PROGRAM OUTPUT 

Program output is printed in four parts: inflation rate tables, 
input data, cost totals and averages, and special report tables. Each is 
discussed below. 

Inflation Rate Tables — 

Unless the user specifies otherwise, a table of the inflation rates 
currently used in the program is printed. 

Input Data — 

To facilitate editing of the input data, and to record data used in 
generating specific cost result^ the program outputs cost analysis input 
data in a concise and legible 1 m for user interpretation. Also printed 
is the Adjusted TFU (input TFU inflation or deflated including program 
growth and reserve factors). 

Cost Total and Average Unit Cost — 

This section of the program output presents the cost tota* and 
average unit cost for each subsystem hardware input element. The cost 
results for the new hardware, refurbished hardware, and sp'ire nardware 
are printed separately for the development phase and for the operational 
paase. 

Special Report Tables — 

These tables contain basically the same data previously output, 
except the data is reformatted and isolated for different reports. 


SU IROUTINE SUMMARY 


There are only four subroutines in the Cost Per Flight program. 
A majority of the code is contained in the main program. The subrou- 
tines used in the CPF program are summarized as follows: 

AVTFU — Given the average cost of a number of units, the 
Theoretical First Unit cost is computed. 
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COSTIT — Given the TFU and the number of units to be costed, 
the total cost of these units is computed. 

FACTRS — This subroutine includes the program growth and 
reserve factors in the cost value. 

INFLAT — This subroutine deflates or inflates the input cost daia. 
Included in INFLAT are inflation rates for the years 
1972 to 1990 by quarters. The annual inflation rate is 
figured compounding the quarterly rates. 



CPF PROGRAM FLOWCHART 
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APPENDIX E 


ANNUAL COST PROGRAM (ACP) 

INTRODUCTION 


This summary is designed to provide the nonprogrammer with a 
description of how the Annual Cost Program (ACP) operates. The ACP 
was dc’^^eloped to aid in the cost-per-flight evaluations for the SRB 
project ind in particular to provide real year cost budget estimates. 

There arc three basic input requirements for the ACP: 

1) Work Breakdown Structure (WBS) 

2) Cost data for each WBS element 

3) Procurement and delivery schedules for each WBS element. 

The Annual Cost Program (ACP) is a FORTRAN V algorithm 
currently operational on the Univac 1108 Exec 8 computer system. The 
ACP performs cost analyses on elements of a WBS. The results are then 
summed to obtain costs of the lugher order elements within the WBS. 
Originally designed to be general in nature, the current version has been 
developed to cost strictly for the SRB Project. However, the program 
has been segmented to allow modifications to reflect changes in the WBS, 
input lists, or project. 

The ACP outputs cost analysis data in a concise and legible form 
for user interpretation. For eacli element of the WBS. a summary of the 
units delivered or purchased, refurbishment schedules, spare hardware 
quantities, and other nonhardware items are presented in a table with 
yearly breakouts from 1977 to 1992. For e.ach year, the unit and cost 
data arc tabulated and summarized to make the check of input d.ata as 
e.asy as possible. It is this breakout by year th.at makes the ACP a 
valuable tool in largo project cost efforts. 


WORK BREAKDOWN STRUCTURE 


A WBS is a family tree subdivision of effort required to achieve 
an objective. The WBS is developed by starting with the objective 
required and successively subdiviuiug it into manageable eompononts in 
terms o' size and complexity. An example structure would be program, 
pTOjeev. system, subsystems, components, tasks, siibtasks, and work 
elements. The WBS shoiild bo product or task oriented and should 
include all the necessary effort which must be undertaken to achieve the 
objective. 
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The WBS presented in Figure E-1 is representative of the version 
modeled in the ACP. There are four levels of depth in this WBS, 
although five levels are allowed. The WBb code number is the key to 
determination of the level of a WBS element. Bk>ck number 30 is a level 
three item, its code number being 1.4. 4. Block number 46 is a fourth 
level item, its code number being 1. 9.2.1. 

The ACP performs cost summations by using the work breakdown 
structure organizaticmal chart. The program sums the costs for the 
lowest level items first , storing the totals in the next higher level 
element. It proceeds up through the WBS performing these calculations 
until numbers for the highest level items have been calculated. Program 
results are then printed in a user spe<nfied format. 


ACP COST ANALYSIS 


The Space Shuttle Program has been divided into three distinct 
phases. During the first phase (Increment 11 the six Design, Develop- 
ment, Testing, and Engineering (DDT&E) missions will be flown. During 
Increment 2, the next 21 missions will be flown, and during Increment 3, 
the remainder of the shuttle missions will be flown. The ACP is designed 
to allow data input by increment. The input categories are: 


Increment 1 Nonhardware 

New Hardware 


Increment 2 


Increment 3 


Nonhardware 
New Hardware 
Refurbished Hardware 
Spare Hardware 

Nonhardware 
New Hardware 
Refurbished Hardware 
Spare Hardware 


Increment 1 costs do not include refurbished and spare hardware since 
such a requirement has yet to be identified. 


The user supplies the theoretical first unit (TFU) cost, the cost 
analysis ke^ , the learning curve slope if needed , and the unit delivery 
or production schedule for each required category within the WBS element. 
The cost key determines the method to be used in the cost analysis. 

The cost keys currently in the model are 


1 C.O.D. Crawford Learning Curve 

2 Constant Cost per quarter 

3 C.O.D. Constant Cost per unit 
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4 Direct input costs 

5 Incurred Crawford Learning Curve 

6 Incurred Constant Cost per unit 

7 C.O.D. Wright Learning Curve 

8 Incurred Wright Learning Curve 

C.O.D. means cash on delivery and implies that units produced are paid 
for on delivery. Incurred means that units produced are to be paid for 
on a predetermined payment scheduu.. prior to delivery. The payment 
schedule, or cost spread schedule, is an input and can be different for 
each input category within a WBS element. 

The final user supplied data required for the cost analysis is a 
unit delivery or production schedule which consists of specifying the 
number of units delivered or purchased for each quarter of the model. 
The cost analysis routine applies learning curves and inflation to obtain 
element costs by quarter. 


INFLATION 

The ACP inflates all costs to provide results in real year dollars. 
An option exists that allows the inflation routine to deflate or inflate 
costs to a constant or base year dollar provided by the user. 

The calendeup and fiscal year relationships are provided with a 
quarterly breakdown of each. The inflation rates are in percent per 
quarter. The inflation factor is the conversion factor that changes 
dollars from one base year to another to account for the inflation. 

The cost after inflation from FY 1972/3 can be determined by 
multiplying the initial cost by the inflation factor. To determine the 
inflation factor between any two quarters, divide the later quarter by 
the earUer quarter. 


LEARNING CURVES 


The learning curve theory states that as units on a production 
line are produced, the time, and subsequently the cost, to produce 
them decreases. The learning curve is used in the ACP to simulate 
production line cost decreases. 

The ACP uses two types of learning curves in the cost analysis, 
the Crawford and Wright methods. The Crawford Curve is based on the 
theory that each time the total quantity of units produced is doubled, 
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the hours or cost to produce the last unit of this doubled quantity will 
be reduced by a certain percentage. The Wright Curve is based on the 
theory that each time the production of a product doubles, the new 
ciunulative average cost, hours, or some other measurement declines by 
a fixed percentage. The percent reduction in both cases is defined as 
the learning curve slope. 


PROGRAM GROWTH AND RESERVE FACTORS 

Program growth and program reserve factors allow the user to 
uniformly increase cost estimates for reasons which may not be incor- 
porated in the raw cost data. The growth factor is multiplied by each 
line item in the WBS summary tables. The reserve factor is applied to 
each yearly subtotal. The reserve cost is printed, then the sum of 
yearly cost and reserve cost is printed as TOTAL. 


ACP SUBROUTINE DESCRIPTION 

The ACP consists of one main routine and 17 subroutines written 
in FORTRAN V for use on the Univac 1108 computing system. The 
accompanying flowchart represents the logical flow of the program and 
is meant to help provide an understanding of the ACP's operation. More 
detailed input descriptions may be obtained from the references provided. 

DRIVER is the main routine. It opens files for program use and 
calls the subroutines in the proper order. 

WBSIN reads the WBS heirarchy and WBS dictionary, then stores 
the data on random access mass storage (FASTRAN) file 8. 

INFLAT calculates the inflation tables to be used and stores the 
values in the appropriate arrays. 

DATRAN reads and stores (on file 8) program options and costing 
data for each WBS block. The block data (which is subsystem data) 
includes TFU's, cost methods, print options, learning curve slope, start 
unit, cost spread functions, and delivery schedules. 

INPLST prints the TFU modification factors and the inflation table 
specified for each WBS block. 

INFTAB prints the inflation tables. 

PROSCH calls the subroutines INPLST and INFTAB. PROSCH also 
prints cost input data in tabular formats. The data printed includes 
cost method, learning curve slope, start unit, input TFU, adjusted TFU, 
and number of units to cost. The cost spread functions are also printed 
for subsystems which use the incurred costing method. 


161 



SCHEDL is called by PROSCH to list the delivery schedule for each 
WBS block. The schedule is either hardware units required by quarter 
or predetermined (direct) costs by quarter, depending on the cost 
method being utilized. 

COST AN ca'julates the costs for each WBS block using the informa- 
tion previously read and stored. The output from this subroutine is 
stored on F8. 

SUM reads the results on F8 and sums the data for each level of 
the WBS, stores the sum in the appropriate block, and writes the 
results on F8. 

OUTPUT controls the printing of results. Individual block 
summaries can be printed by quarter, by year, and by total. Stimmary 
tables, in which the input blocks are defined by the user, are also 
printed by OUTPUT. 

QTROUT is called by OUTPUT to print quarterly summary tables. 

TBLSU** is called by OUTPUT to sum the results listed in the 
summary table over the entire mission model (FY 1977 through FY 1994). 

MODIFY is called by OUTPUT when the user specifies all summary 
table entries t^ oe modified by user specified factors. 

SUMMOD applies user specified factors to the results of the MODIFY 
subroutine to further modify summary table values. 

ORDERC is called by OUTPUT and orders the blocks based on total 
block cost. A table is then printed showing block name, ranking, block 
cost, the block's percentage of total cost, cumulative i ‘ and cumulative 
percentage. 

BLANK is called by several subroutines to "zero-out" array values 
prior to calculation of new values which are then stored on F8. 



ANNUAL COST PROGRAM (ACP) FLOW DIAGRAM 
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